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PREFACE

This monograph summarises existing knowledge on the properties
of srow as a material; its propertizs as a cover will be found ia II-C1,_
"Snow and Ice on the Earth's Surface", now under preparation.
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EDITOR'S FOREWORI:

This is the third section of '"Cold Regions Scieace and Engineering
to appear. It summarizes existing knowledge on ths properties of snow W
as a material: its properties as a cover will be found in IX-C1, "Sanow s
and Ice on the Earth's Surface', now under preparation.

Dr. Brder has written most of this section but Dr. Kuroiwz was
avsils’ *4 7~ write on the Electrical Properties of Snow as a Specialist
in “i.. subject.

Sections of the work will appear as they becoms ready, not neces~
sarily in numerical order, but fitting into this plan.

1. Environment
A. General
B. Regional

II. Phyeical Science
A. Geopbysics

1. Micrometeorology
2. Exploration Geophysics

B. Tue Physics anad Mechanics of Saow as a Material
C. The Physics and Mechanics of Ice

-7 1. Snow and ice on the earth's sunt
2. Tce as a material
D.  The Physics and Mechanics of Frosen Ground s

1. Properties of frozen soils
2. Permafrost

1.  Engineoring

A.  Snow enginesring

B. Ice enginearing

€.  Frosen-ground engineering I

n. Generai ¢ngineering /

1v.  Miscellaneous
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SNOW AS A MATERIAL

by
Henri Bader

Snow i8 a porous, permeable aggregate of ice grains. The grzins car be predomi-
nantly single crystals or close groupings of several crystals. The pores are filled with
air and -‘ater vapor. In wet snow the graina are coated with liquid water.

The characteristic property of snow is its inhe.ent thermodynamic instability.
Consequently most of the interesting physical parameters inevitably change with time.
This process of change iz called snow metamorphism,

A. METAMORPHISM

Snow metamorphism ig a change of texturz and structure, an evoludion beginning
with the deposition of snow and ending only when it hac ceased to cxist, either by ablation
or by changing to relatively dence ice,

A few salient conditions and properties of the material are responsible for meta-
mcrphism,

a) Temoerature pProximity to thv melting point, Even in the coldest natural
environment, the temperature is relatively close to the melting point.

b) High vapor pressure.

c) Crystallinity and anisotropism.
d) Low viscosity,

e) Porosity.

Consider a snow grain (ice crystal) in a small closed dry air space. The temperaiure
is close to the melting point of ice (say within 50C). This mecans it we have a high
state of thermal oscillation of the water molecules around their - lattice position;
the lattice {s ¢! .s. ¢/ breakdown. The lattice force field, whic: .irains the water
molecules from stra,ing away from fixed lattice positions, weakens near the crystal
surface, anc the surfoce becomes covered with a quasi-liquid layer®* within which
individual ruolecales -nd groups »f molecules can move around. Oue might say that the
lattice becomnes 22y close to the surface. The random thermal agitation of molecules
at the ice surface often results in imparting to individual molecules velocities sufficiently
high to kick them out of the cturface layer into the surroundiny air space, whera they
become a component of the gas phase. As the water vapor voncentration in the air space
increases, an increasing number of water molecules impinge back onto the ‘. & surface,
and those that hit with low velocity at points where the thermal agitation happens to be
low at the moment of impingement ara reincorporated into the boundary layer, A dy-
namic equilibrium is established in a very short time, in which the number of molecules
leaving the ice surfzce to move into the gas space is equal to the number falling back
into the surface iaysr. The concentration of water vapor in tiie gas phase is given in
terms of vapor pressure, which is strongly temperature-dependent,

Figure ! shows this dependence. It also shows that ice has a lower vapor pressure
than supercooled water of the same temperature, which means that ice and water cannot
co-exist in equilibrium at temperatures below the melting point, If, for instance, a
plece of ice and a dish of supercooled water were placed side by side under a bell-jar at
=5C, then the water would tend to evaporate until the vapor pressure in the air in the
Jar reached 3,17 mm of mercury. But the air would then be supersaturated with respect
to the piece of ice, which has a vapor pressure of only 3. 03 mm, and more vapor mole-
cules would fall into the ico surface layer than would be ejected from it. A vapor pres-
sure gradient would be established between the air over the water dish and the air over
t“e plece of ices and water vapor would move from the dish to the ice by diffusion.

¥5ee Relerences
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SNOW AS A MATERIAL 3
Discussion of another aspect of this hypothetical experirnent is pertinent te the under-
standing of the principles governing snow metamorphism, It concerns the rate of
transfer of water substance over the vapor phase, The highly dynamic nature of the
equilibrium between water or ice surface and vapor in the surrounding air space signi-
fies that a disturbance of this equilibrium by addition to or removal of water vapor from
the air space will be quickly compensated by condensation or evaporation at the surface,
Experiments? indicate that a dry air layer about } mm thick over ice is saturated to 807
ir 4 sec by evaporation from the ice surface. One migli then suppose that, if a flat
piece of ice ware suspended } mm over the surface of the dish of supercooled water, the
rate of growtb of ice at the expense of water would be very rapid. It would actually begin
at a very rapid rate, but iminediately the water surface would begin to cool down because
of the loss of latent heat of evaporation {600 cal/g) and the ice surface would warm up
because of a gain in heat of condensation (sublimation, 680 cal/g). This would lower the
difference in vapor pressure between the two surfaces and proportionally slow down the
rate of vapor transfer. The rate of heat flow from the interior of the water towards the
water surface and from the ice surface towards the interior of the ice block wculd then
become the dominant factor in controlling the rate of vapor transfer.

In summary, one important fact is that mass transfer over the vapor phase is ac-
companied by energy transfer. If two ice grains of different temperature are brought
close together, the cold vne, having a lower vapor pressure, will grow at the expensc
of the warmer one by vapor transfer, until the temperature difference is wiped out by
the corresponding heat transfer., Now consider a rod of ice in which a constant tem-~
perature difference is maintained between both ends, There are four heat transfer mecha-
nisms, two of whick involve mass transfer.

a) Heziflows in the rod by conduction.
b) Heat flows in the surrounding air by conduction  convection.

¢) Evaporation at the warm end and condensation at the cold end transfer heat
and mass via the vapor phase. The heat transfer is equal to -~ : latent heat of subli-
mation of the transported mass.

d} Wt 2 nolecules will creep along the quasi-liqu . .urface layer from the
warm end of the rod, where thermal agitation is strong, towards the cold end, where it
is weaker, The mass removed from the surface layer at the warm end must be re-
placed by quasi-liquefaction of the underlying crystalline ice; thus tae emerging trans-
fer accompanyiag surface molecular creep has the latent heat of fusion as a maximum
value, but is perhaps smaller, because the layer is not quite liquid.

The quotad values of vapor pressure are those for equilibrium over flat surfaces.
Convex surfac~s have higher, and concave surfaces lower, vapor press e than flat ones.
The magnitude of the curva. re effect, as calculated from theory for liquids appears to
be negligibly small for curvatures larger than about 108, Observation, however,
indicates that it 1s important in snow when the grain curvature is as large as a few
hundred ruicrona, Figure 2 is a series of photographs of a snow crystal placed on a
microscope slide, surrounded by a viseline ring, and covered with a thin cover glacs,
which did not touch the crystal.? The slide was stored at temperatures alvays below
-2.5C. Attention is drawn to the following interesting features of Figure 2.

a) The frozen cloud elements (diameter approximately 30u) picked up by the
falling snow crystal vanish very quickly, They do so partly by evaporating because they
have a higher vapor pressure corr:sponding to their small radius of curvature, and
partly by flowing into the quasi-liquid surface layer.

b) The sharp points of the brai.ches becume blunt. There is a general
tendency for material to evaporate or creep away from positions where curvature radii
are small: hence the branches separate from the main body of the crystal where they
are thin, and then become rounded. The larger spheres then grow at the expense of
the smaller ones, exclusively by vapor transfer, since there is no contact.

Proof that surface creep is significant was obtained by similar experiments$ where
vapor transfer was suppreued by immersing the snow crystals in kerosine. Metamor-
phrsm was then a few times slower than in air.

N —— e ) Aokt @ A g
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SNOW AS A MATERIAL

Figure 2. Metamorphism of a snow crystal in a closed atmospnere. Magni-

fication 15x.

Temperature below -2.5C. Numbers indicate age in days.
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[}
Figure 3. Symmetrical metamorphism of a snow

crystal in a small air space.

CALTIR OF CAVETAL W W
g -3 o -

pavS

Figure 4. Graph of diameter of crystal
of Figure 3.

Magnification 1£..,

Figure 3, also of a crystilin a
small air space, shows symmetrical
behavior, g+ v aided by the fact that
only the rai nter (white spot) was
in contact w. . .e glass slide. As a
model of metamorphism, it reveals
three interesting features. OCne is that
the rate of change is highly temperature-
dependent; there was very little change
during 7 days at -11.5C (Fig. 4).
Another is that the rate of change de-
creases with time. The third is that at
temperat:res very clos. (o the melting
point, surface tenzion in the quasi-liquid
surface layer can overcome the tendency
of the lattice to form crystallographic
elements (planes, edges and vertice::).
The 45-day picture is of a flat heeagonal
prism with rounded edges, which in 9

days at -2, 5C changes to a cylinder.

This would not have happened if the temp-
erature had been a few degrees lower, or
if the crystal had been much larger,
Furthermore, if the temperature had been
much lower, the edges of the prism would
have become sharper. It is most probable
that, given enough time at a temperature

sufficiently low to suppress surface tension effects, any ice crystal will assume the equi-
librium shape of a hexagonal prism of approximately equal width and height. Old snow
grains tend to become equidimensional and to develop crystallographic faces if they are

large or if the temperature is low.
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As already stated, the surface of an ice crystal surrounded by air is covered by a
very thin quasi-liquid layer in which the water molacules can move fairly freely, in
contrast to concitions in the interior of the crystal, where they occupy distinct lattice
positions. When two crystals are brought into contact, the thin surface layers merge
and molecular mobility diminishes as the constraining { rce-fields of the lattices act-
ing frum both sides gain the upper hand, The quasi-liquid layer does not completely
vanish uanless the lattives of the two crystals fit together perfacily (i. e., the crystallo-
graphic axes happen to be atrictly paralle!). An amoupuuvis interface (grain boundary)
remains, which }4 normally plane and visible as a thin line in section. The formation
of this relatively stuble intergrain houndary can occur within minutes under optimum
conditiona. It is favo.ed by pressure and high temperatures and retarded by low tem-
perature which slows molecular diffusioa.

The intergrain boundary bonds the two crystals. The strength of the bond is not
sensibly different from that of the crystal itself; and there is no detectable difference
between bond formed with or without melting and no reason for assuming that they should
be different. Th: dry bond, however, forms more slowly than the wet one. When a
piece of snow is broken or crushed, failure occurs predominantly at the grain bonds,
which are weak sections only because they are small. The larger the individual and total
grain contact areas, the stronger the snow. The original contact area (bond) between
two convex grain surfaces is very small, It probably very soon attains its maximum
strength per unit area, so that increasing strength with time (age-hardening of snow) is
due to increasing size of the contact area. It is interesting to note that increase in con-
tact area between two grains is not accompanied by significant reduction of the distance
betweer. grain centers.? Thermodynamic processes in snow do not of themselves
affect the snow volume. They can, however, change the density by adding to, or sub-
tracting from, the mass in a given volume.

Gravitation causes primary vertical body forces in the snow mass which are
transimnitted in all dircctions from grain to grain in the structure.

There are two main effects of these forces:

a) Ducsi‘ication by viscous shear deformation alon, Jrain boundaries and
grain deformatirn, which produce denser packing, normally winout loss of cohesion,
Sudden st uctural collapse by breaking of bonds occurs when the crushing strength of a
snow layer i3 rcact ed by the wuight of overlying snow accumulation. This often happens
in "depth hoar," 2 coarse-grained, poorly bonded, highly viscous type of srow, and is a
major cause of avalaaching. Other types of snow have sufficiently low viscosity to react
to slowly increasing load by densification accompanied by sufficient increase in crushing
strength to prevent structural collapse. Densification by plastic mechanical deformation
of the single crystal grains is most probably insignificant, except in the c~~e of the dense
snow occurring at depths of tens of meters in glaciers.

b) The Riecke effect, This may be an important metamorphism-accelerating
factor, but is not known to be so. When a crystal in equilibrium with its liquid or vapor
phase is stressed, solubility or vapor pressure differences are produced. More highl,
stressed parts of the snow crystal surface will melt if wet, or evaporate if dry, and less
stressed parts will grow. A spherical grain squeezed between two others will thus tend
to flatten more or less eliptically. The result ia similar to that produced by plastic de-
formation of the grains, but is perhaps achieved at lower stresses.

We can distinguish four fairly distinct kinds of snow metamorphism:i2

1) Destructive metamorphism of dry snow. A few days after deposition of
the original snow, crystal snape i1s aimost completely lost. Often its only indication is
tha? larger flat snow stars have changed into somewhat flat grains. The end product of
dest uctive metamorphism usually consists of a {ine-grained snow of density between
0.15 and 0,25 g/cm’. This is the skier's powder snow, Grains are rounded and weakly
bonded. Each grain is a single crystal with only one or two small crystallographic
faces. Very fow grains are smaller than 0.2 mm, the predominating size being from
0.5 to ] mm, sometimes somewhat larger.

Further metamorphiam of this snow depends, if it stays dry, above all on whether or .
not it is plastically densified by the load of later enowfalls. If the snow is densitied to

et o " p———




Figure 5. Depth hoar crystals 100 days old Figure 6. Wet spring snow, large
Density 0.26 g/cm?. Magnification 3x. composite grainy. Magnification 4x.

0302 me

Figure 7, Screened fractions of granular snow.
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IR 8 SNOW AS A MATERIAL

as much as 0,3 g/em?, further increase in grain size becomes very slow. But the area
L of grain cont-ct increases and the snow hardens, Only on bigh polar giaciers, where
L such snow never melts, do we, in the course of one or two years, observe significant

! further grain growth arnd moregenerous development of crystallographic elements, often
4 ; accompanied by some reduction in strength., This is slow constructive metamorphism,

“a. 2) Constructive metamor%hium of dry snow consists in growth of grains to
T significantly more than 1 1nm, wiia development of cryatallographic elements {faces,
S cdges, ard vertices). It is slow if the density is high. If the density is below about

0.3 g/cm?, it can become very rapid when vapor transfer is accelerated by convective
air flow in the large pore volume, owing to a strong positive temperature gradient
(cotder at the top than at the bottom). The end product of constructive metamorphism
is a very distinctive snow type known as "depth hoar, " or "Schwimmechnee" from the
German. Here grain size is between 2 and 8 mm, and single crystals as large as

15 mm are observed. They often shew excellent crystallographic development (Fig. 5),
large faces and sharp edges and vertices? 13 A variety of shapes can be observed,
such as short prismatic or tabular solid crystals, and hollow hexagonal or rectangular
cups. Bonding of grains in depth hoar is verv poor; it has a high viscosity and low

‘ strength, and can be collapsed by shock or surcharge, to the increase of which it cannot
K react by rapid viscous densification. Depth hoar is a troublesome snow type; it is a

S major cause of avalanching, is a great hindrance to oversnow traffic, and is most dif-
EE ficult to compact to hard roads and runways. The lightest depth hoar has a density of
ot little less than 0.2 g/cm3, and the heaviest little more than 9. 3.

o 3) Melt metamorphism characterizes the changes produced in snow by the

o presence of liquid water. When snow becomes moist, temperature gradients and their
effects vanish, But the rate of densification of low-density snow inrreases because of
the constrictive effect of the high surface tension of the water film covering all the

', grains. All crystallographic elements quickly vanish. Crystals become rounded and,

B for an unknown reason, some intercrystalline bonds grow very rapidly while others

: dissolve. Clusters of several grains, which form small denser .gions in the snow

\ structure, coalescce to larger polycrystalline grains (see Fig. * bonding between

o grains is ver; .c3l. As meltwater percolates through the sa- .ystals normally

% grow to a maximum size of about 3 mm and composite grains to about 15 mm. Within

o a few days this mertamorphism produces the well-known ''rotten” 3now of the thaw

. season,

A, In the accumulativa areas of glaciers, mell metamorphism produces cuarse-grained
\ névé, which can acquire any density up to that of ice by slow plastic densificatiun and
. annual addition of ice mass by freezing of percolating melt water.

: Wi.en wet snow freezes, it acquires high strength because bond size is ‘rcreaccd by
the freezing of water preferentially retained at the re-entrant surfacces at the bonds, It
again loses strength on becoming wet because bonds decrease in size by preferential

! melting perhaps mainly due to concentration of temperature-depressing soluble impuri-
i ties there. Percolating meltwater is not equally distributed in all layexrs of a snowpac':.
: Some retain very little, while others absorb water alinost to saturation and convert to

; dense ice layers or lenses on refreeziug.

4) Pressure metamorphism. This is a new term, introduced here to charac-
terise the densification of dry névé€ on high polar glaciers. it can take névé many decades
, i to change from snow of density around 0,45 to ice of density 0.83 g/cm? (this is the
e . ! density at which the air permeability decreases to tero, and snmow changes to ice by
, i definition). Thermodynamic processes, such as grain and grain-bond growth by vapor
or surface migration, appear to be cf secondary importance during this period of very
b, : slow change, the situation being dominated Ly processes of mechanical deformation under
. pressure, Hard surface crusts are formed in several ways.

a) Refreesing of surface layers wetted by thaw, rainfall or wet fog fall-out.
b) Suxface condensation from moist air.
¢) Packed deposition of windborne drift snow,
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d) Condensation of vapor moving up from below the surface, by diffusion or
convection; crusts between snow layers are perhaps also formed by vapor migration.

Crusts are important diagnostic features in the snow pack, eogecially as an aid in
counting annual layers. There are still unexplained crust formations in dry snow.

B. STRUCTURE

Any snow which has gone through the stage of destructive metamorphism is granular
(Fig. 7) and can have any density above about 0.15 g/cm3. If such snow is disaggregated
and heaped when cold, it will show a porosity of about 0. 45 (density 0.5 g/cm?) similar
to that of a heap of dry sand, This demonstrates that, except possibly in the vicinity of
density 0.5, the structure of snow as a granular aggregate is not akin to that of a lightly
sintered granular heap. Low-density dry snow (less than 0. 5), which includes all season-
al snow, has a very irregular stricture, perhaps best described as composed of randomly
oriented intersecting chains of grains, This type of structure can be derived from one
consisting of packed granules, by conceptually removing some of the grains, leaving an
irregular lattice. In such a structure a significant number of the grains have a high
d=gree of mobility affecting only a small volume, In other words, there are relatively
large pore spaces into which grains can move when the structure is deformed. This
property of the structure of low-density snow is important to an understanding of its
mechanics. It could be deformed by shearing of grain contact areas, without deformation
of individual grains. As the density increases, the average number of grains in contact
with each grain increases, and the degree of mobility decreases. At a density of around
0.5 g/cm? the condition of close packing is approached, and further densification is not
possible without deformation of grains,

The thin section (Fig. 8a) is of dry 10-yr-old névé from 8 m depth in the interior of
the Greenland ice sheet.!? The grain sections are white, the lines ara grain boundaries
and the black areas pore space. Density is 0,50 g/cm? (porosity 45.4%), mean grain
cross-sectional area 0.5 mm?, ratio of total length of grair ~  daries to total grain
perimeter is 0.35, There are 120 grains per cm?. Figure of a thin section of
dry névé, 70 ycars old. The density is 0. 73 g/cm? (porosity ... 4%), close to that of
ice. Mean grain cross-secticnal area is 1,0 mm3, and grain-boundary to grain-perim-
eter ratio is 0. 63, There are 80 grains per cmi,

Assuminrg thai the two snows were originally the same, it took 60 years at -24, 5C
with pressure increasing linearly fzom 0.3 to 2.8 kg/cm? at the rate of 0, 04 kg/cmi-yr
to halve the porosity and double the mean grain ¢cross-sectional area. Figure 9 gives
the relation hetween density and the mean number of griin contacts per grain (in thin
section}9, It appears to show a discontinuity at deasity 0.5 g/~m®. Sinz!a thin sections
of snow of density lower than 0.3 g/cm? show mainly isolated grain sections and, except
for studies of grain crystal axio orientation, yield almost no information on the struc-
ture. A large nuinber of very closely spaced parallel sections must be made, and the
structure model cannot be well presented in print,1°

Description and statistical treatment of pertinent parameters of snow structure are
not yet sufficiently well developed to permit good translations of data from two-dimen-
sional thin sections tao the three-dimensional structure!’, This inherently difficult
problem is complicated by the fact that tue snow structure is very often anisotropic.
Structure anisotropism is of two types. The first is geometric, for instance pzrallelism
of flattened grains, and has hardly been studied. The second refers to orientation
patterns of the crystallographic c-axis of the grains, determinable by optical means.
We can sometimes find a primary vertical preferred orientation due to preferred sedi-
mentation of plate or star snow crystals in horizontal position. The same preference
davelops during destructive and constructive metamorphism, where c-axis pasition
parallel to the maximum temperatuze gradient appears to be advantageous to grain
growth, In dry snow, pressure metamorphism favors the development of grains with
vertical c-axes, but it is not known whether grains tend to rotate to this position or
whether those with vertical axes grow at the expense of differently oriented ones.

L R WY




Figure 8a. Thin section of 10-yr-old néve.
Density 0.5 g/cm3.  Pore area is black.
Magnification 3.8x. (From Fuchs, ref. 13). ‘

Figure 8b, Thin section of 70-yr-old né~§,
Density 0,73 g/cm?. Magnification 3.8x.
(From Fuchs, ~ef. 13)

Shearing deformation produces strong orientation to parallelism of basal planes (normatl
to c-axis) with the shear plane, while tension leads %o a structure with grain basal
planes predominantly parallel to the direction of tensile stress.?

A thorough basic study of snow metamorphism and snow mechenics in relation to sncw
structure is yet to be done.

€. TEXTURE

Snow crystal shape has already been discussed under metamorphism. In relaiively
new dry saow, up to several months oid, the grain is predominaatly a single crystal,
but in older dry snow there is a tendenzy towards formation of grains consisting of
several crystals. The process is apparently a dry "fusion' of several close neighbors
to a more or less irregularly shaped, internally strongly bonded unit, which then be-
¢ maes the new grain of the snow structure. In the course of decades, as this snow is
compressed to ice on high polar glaciers, one of the crystals of thd grain slowly grows
at the expense of the others, until we again have a single crystal grain. For determin-
ation of grain sise distribution, weakly bonded granular snow can be mechanically
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Figure 10. Cumulative mass graph of
grain size distribution in alpine snows.
(From DeQuervain, ref. 11)

3

CUMULATIVE MASS (%)

o2

disaggregated, and screened % or elutriated¥,
The majority of size anrlyses show an approxi-
mately linear graph of cumulative mass versus
grain diameter, wilh the cuzved ends often
seen in graphs of soil analyses. The average
diameter lies close to the 50% cumulative
mass value, the mass of grains smaller

than 0.2 mm is very small, and the maxi-
mum size is close to twice the average size.
The linear portion o" the cumulative dist=i-
bution curve reaches from about } average
diameter (based on mass, not on numbaer of
grains) to 1} average diameter and covers

80% to 90% of +' - tal mass. Figure 10

shows a numbe istribution curves for

¥ {From Fuchs, ref. 13) Alpine snows a1 ..ows:
u
; Curve Age (days) Dansity (g/cm?)
% la, 1b 6 .214

o 2a, 2b 15 .292

o 3 42 . 323

¥ 4a, 4 9% .285
§ Sa, 5b 118 .357

l; 6a, 6b 175 . 228

-'; There are many ways of determining and defining grain size and grain size distribution,
v and in quantitative work on snow, a generally accepted convention has not yet been

x established. When 3now is acreened into fractions, we will define the mean grain d.am-

then:
4 = VMm,

i A~ i 02 e ee

oter d of a fraction in terms of the length of the side of the square mesh opening. If the
fraction passes through squares of side length M and is retained on squares of side m,

If W is the weight of a fraction, and the mixture is separated into n fractions of mean
grain diameters d;, then the mean diamneter d, of the mixture is:

e, = [ Zl () V‘il(‘ﬁ)
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If grains are counted and measured under the microscope,!? a rather complicated
computation has to be made to obtain d, zs determined by screening, because the grains
are not spherical. If measurements are made on thin sections of snow, determination

of dg becomes still more difficult. This subject requires research, because well bonded
snow cannot be disaggregated for screening without excessive breaking of grains. Defi-
nition of grain shape, pertinent to the definition of grain size, is another aspect of snow
texture Efcﬂ requires attention.

D. INCTX PROPERTIES ¥

Identification of snow type for any given purpose is n.t a well developed subject, and
a great deal of systematic work, consisting of determination of a large numbar of param-
eters on many different snows, would have to be done to make it so. The {cllowing
index properties are considered:

1) Density (specific gravity) is mass per unit volume, usually expressed in
g/cm3, but engineers sometimes prefer 1b/ft? (1 g/cm? = 62. 4 1b/it3). Density is
measured by weighing a known volume, or melting a known volume of snow and measuring
the volume of melt water. By careful use of the standard SIPRE 00 ¢m? snow tube
(stainless steel 58/60 mm, 198 mm long) density is easily measured to three significant
figures. For the purpase of correlation with other propertiez, two significant figures
are often insufficient. Density is by far the most significant index property of snow.

2) Porosity and void ratia

Porosity is the ratio of volume of voids to snow volume. This is the
absolute porosity n, and is calculated from the snow density y and the ice density A7t

Y 0.917 -
n:--Y-;- ‘T9T7’" 1 - 1.090y.
Table { gives values of the absolute porosity n (in percent) for ties between 0. 030
and J.917 g/c:*  T"e relative porosity refers to the volume ¢ rommunicating

pores, and is almos. equal to absolute porosity for low- or med...n-dsasity anow.
Only in ver; high-density snow, above 0.7 g/cm?, does the volume of the isolated pores
become siganificant. No measursineats of ralative porosity of high-density snow have
yet been made.

The void ratis. e, is the ratio of the volume of voids to the volume of the
anlid substance.

Yi°Y n
<yt e

3) Hardness is the resistance to penetration by a rigid object. The most
commonly used Instrument is the drop-hammer actuated Swiss Rammeonde, a tube with
a conical tip.? The penetrating cone has a 60-deg angie and a base diameter of 40 mm.
The ram hardness number is expressed in kilograms, and runs up ‘o a few thousand
for very hard snow of density 0.5 g/cm?. The Canadian hardn-«s gage, a hand-pushed
spring-loaded circular plate, has been much used in softer snows to measure the
crushing strength in situ. The Canadian hardness number is expressed in kg/cm?. Both
these instruments penetrate at rates sufficiently high to eliminate effects of plastic
deformation. The slow CBR Test (California Bearing Ratio), developed for soils, is
used only in very hard snow.

4) Grain size is determined by visual inspection (with hand lens) of grains
spread out on a plate having a | mm grid, by measurements under the microscope, or
by screening or elutriation. Grain size is usually given in mm, but often onl* qualitative
statements are made, such as reference to fine-, medium-, coarse-, or very coarse-
grained snow. This refers to the predominating grain diameter, and here the classifi-
cation of Schaefer, Klein and De Quervain 3 is gaining popularity.
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Predominating grain

diameter (mm) Designation
<0.5 very fine grained vig)
0.5t01.0 fine grained [gf
1.0ta 2.0 medium grained mg)
2.0t0 4.0 cuarse grained leg)
>4.0 very coarse grainer ‘vcg)

.

5) Grain shape is observed mainly for distinguishing betv/een different types
of new snow, fcr identification of depth hoar, and for deciding that i given dry snow has
or has not been previously wet.

6) Permeability is given in terms of the iaverse of the resistance to the
passage of air through snow. It is a most useful parameter for definition of snov: type,
but has not been used much for lack of a field instrument. Pern,eability is discussed in
a separate section.

7) Ultimate strergth. Tensile, shear and crushiny strengths must be measured
2t Ligh rates of loading to eliminate the effects of plastic yielding (testing time of the
order of 10 sec). For practical purposes, tensile strength is equal to cohesion (shear
strength at zero normal pressure). Relatively simple instruments have been built for
field use, but the necessity of many tests to compensate for wide scatter (standard
deviations of 30% are common) kas limited their use.

8) Temperature. This is not usualiy considered to be an index property in
classification of materials. In snow, however, the value of many  arameters is so
highly temperature-dependent, that the latter must be included. Its maximum value is
0C; reported positive values are erroneous.

9) Newtonian viscosity,

10) Liguid water content.
11)  Elasuc parameters.

12) Structural parameters.

13) Tlermal conductivity.

14) . Dielectric properties.

items 9-14 are only mentioned here because they have been too difficult to
‘measure with useful accuracy in the field.

Good reports of snow investigations in the field should include at least
determination of dcnsity, hardness, grain size, grain shape {or descriptive terms
implying grain shape, such as "granular” or ""depth hoar"rand temperature.

E. PERMEABILITY

The permeability of snow3:4:1¢ is an important property; its value covers a wide
range and is very sensitive to changes in density, texture, or structure. It is meazured
as permeability to flow of air, and coefficient K of air permeability is defined as

follows:
K - %l{v =-1‘! cm/sec

= volume rate of air flow (cm?/sec)

where
cross section of snow sample (cm?) normal to direction of air flow.

>0
"

= length of sample in direction of air flow (¢m)

= air pressure head (cm, in terms of height of water column)
air velocity cm/sec (calculated nver cross section A)

= air pressure gradient (cm water / ¢m length of sam:ple)

- 4 g
"
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Table I

SNOW CONVERSION TABLE
CERMSITY TO ABSOLUTE PONOSITY IN PERCENT

Porasity = 1 - 1.09 denoity

0 1 2 ) 4 L] L J 8 9

030 .7 Mne 965 6.4 9.3 96.2 96.1 90.0 95.9 9.7
040 ”%.6 0.5 "%.4 %3 9.2 9.1 9%.0 "o s .7
060 .y .4 0.3 .2 .1 9.0 | K] 3.8 93.7 g6
060 ns 0.3 2.2 0.1 8.0 91.9 7.9 93.7 9.6 2.8
070 24 .3 92.1 9.0 ”n.e 7n.s n.r 91.6 s 1.4
000 1.3 1n.3 .1 90.9 90.3 0.7 90.6 90.5 0.4 90.3
090 0.2 90.1 90.0 0.9 $0.7 9.6 890.8 04 0.3 0.2
100 $0.1 0.0 8.9 "s 8.7 8.5 04 1.3 8.3 8.1
110 8.0 .y .3 7.9 n.¢ s 3 "3 1.1 1.0
120 [ 2] 6. 86.7 8.6 6.5 868.4 | 2] 6.1 8600 0N
130 8.3 $%.7 (X ] 8.5 5.4 5.3 8.3 §5.1 849 M3
140 84.7 “ue s “u4 .3 “u.2 .1 o 359 8
' 180 °0.s 38 8.4 3.3 8.2 3.1 3.0 83.9 s 2.7
i 160 2.6 2.4 2.3 812 [+ B) 2.0 ne "ns nr 1.6
! 170 (1% ] .4 81.3 811 1.0 80.9 0. 0.7 0.6 0.8
. 10 0.4 0.3 0.3 80.0 .9 %8 7 9.6 ™8 ™4
‘ 190 .3 73 191 7.0 8.8 .. 18.6 78.8 4 1.3
; 00 3 1701 70.0 e ™8 .4 ™ 4 ™3 3
i 310 74 70 769 .8 6.7 76.6 164 1703 73 101
i 220 10.0 79 188 1.9 15.¢ 5.8 7%.4 %3 7.1 16.0
: 130 9 48 W7 4.6 4.5 4.4 3 "®. 40 1.0
‘ 0 3.8 3.1 3.6 3.0 n4e 3.3 7.2 7.0 .8
' 250 73 1.8 738 73.4 7.3 132 3.1 i e ns
260 1.4 78 N4 713 nsi 1.1 171.0 Tos 708  70.7
: 70 70.6 704 703 70.2 70.1 0.0 0.9 . 0.7 0.6
! %0 0.5 6.4 0.3 [ 2] .0 6.0 s 8.7 .. ®.s
: 200 84 (2] 8.3 8.0 67.9 1.8 .7 a.e (38 ) 0.4
; 300 3 6.3 1.1 1.0 058 6.7 6.6 “.s "4 “".3
! 310 “.3 .1 8.0 [ 24 68.8 [ X ] (2] ©®.4 65.3 [ B
' 320 8.1 5.0 “. “s .1 [ X L5 “s3 4.2 .1
30 “uo 3.9 [ X 3.7 °a.e (L2 ] o4 3.3 .1 .0
Mo 2.9 [ %) 3.1 e Qs @4 2.3 Q32 620 619
350 1.8 01 e 0ns .4 .3 61.2 i 61.0 608
300 0.7 ®0wes 08 0. 00.3 0.3 60.1 0.0 ".9 80.8
70 9.7 9.8 e "3 "2 80.1 $9.0 8.9 52.9 887
. 380 8.6 888 [ 2 0.2 88.1 88.0 1.9 1.8 81.7 87.8
390 ”ns née N3 1.1 1.0 8.9 848 867 566 56.5

400 04 "3 w3 .1 %9 8.8 "y 588 85.8 $8.4 :
410 (2] "3 8.1 $6.0 " .7 He 848 4.4 84.3
450 “s .1 o 3.9 9. 3.7 s 83.4 83.3 83.3
430 3.3 8350 8§29 3.8 2.7 2.6 8. 513 §1.2 83.1
“0 2.6 sty s " ne (18] 1.4 1.3 81.1 1.9
0 "we 0.8 0.7 0.6 0.8 0.4 $0.3 80.2 80.1 49.9
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16 i SNOW AS A MATERIAL

Permeability is meacured at some temperature below freezing and can be reduced
to the standar” temperature of 0C by a small correction resulting from variation of air
viscosity with temperature. Air viscosity drops with temperature, so that the measured
permeability is higher, the lower the temperature. The correction is very close to 1%
per 3C. No barometric correction is nacessary. :

For K_to be constant, Q/ AP murnt be constant, 1. e. measur~ment must be made
within tue laminar fluw sange. Dipsriments show that the upper 1imit is v = 5 cm/sec
for fine-grained snow and v = ! cm/sec for coarse-grained snow.

Very coarse-grained depth hoar with K 21500 requires measurement under a pressure
gradient (i) not exceeding 0. 0005. AP for a sample 20 ¢cm long is then 0.1 mm of water
sc that measurement to 0 Ol mm is necessary for a 10% accuracy in K; but for most
snows the accuracy then is close to 1%. A good snow permeameter measures ) to better
than 1%, and AP to 0.0l mm of water pressure. It is convenient to use SIPRE standard
snow tubes with a cross section of 24. 6 cm? which is large enough to render edge effects
negligible if there is no gap between snow and cylinder wall,

Ko is the air permeability of anow at its natural porosity n,. It is an empirical fact,
not yet theovetically understood, that if a snow sample in a tube is crushed {densified)
in increments with successive measurements of n and the corresponding K the following
relation holds:
K= anN where a and N are constants
ey aandN rants.
The parameters a and N ars easily deter.rined graphically by ploth. « «/n against K,
and drawing a line tﬁ'rough the points. which are usually surprisingly - :ll lined un. a is
then the intercept on the K/n axis, and N is the recizrocal of the slope.

Table II. Permeability cf a new snow upon compac 1 increments,
Ne srov from Wilmette, Illinois, sampled 16 hrs ‘alling. Sam-
Fle tube length 18.9 cm, cross section 2¢.. cm?

Length of

sample (cm) 4 n ix10? X K/n
Natural condition 18.9 0. 094 0. 897 4.475 261 291
I st comnpaction to 18. 4 0. 097 0. 894 4.595 254 284
2nd compaction to 17.9 0. 099 0.892 5.815 201 222
3rd compactioa to 17. 4 0.102 0.889 6.175 189 2.2
4th compaction to 16.9 0.105 0. 885 6. 55 178 201
5th compaction to 15.9 0.112 0.878 7. 66 152 173
6th compaction to 14.9 0.119 0.870 9.09 128 147
7th compaction to 13.9 0.128 0. 860 10. 72 109 127
8th compaction to 12.9 0.138 0.849 12. 73 92 108

Table If is 4 .ypical example. Figure 11 is a graph of K versus K/n from Table 11,
from which a = 8 and N = 0.922. Poiats corresponding to lower values of K (greater
densification) must begin to fall be'ow the line since they must tend towards the graph
origin. The limits of linearity have not L ;en investigated.

Laboratory work? has shown that the value of prrameter a depends raainly on grain
size. Figure 12 is a lcg-log plot of a versus graf: size (d) calculated from screened
fractions as defined under tl.e previous heading " Texture,"

The relation is approximately:
az1684 18
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and we can now write

16, 84!-68,N
Ke—=x5—

orifKg, ng, and N have been determinad, the mean grain size can be estimated:

d & [K _(N-n z 10.614

16. 8Nay

The parameter N is interpreted as representing a virtual porosity, perhaps the porosity
of the loosest possible packing for a given snow texture. For most snows at any stage of
metamorphism, the value N/n, is close to 1. 063, which means that there is a "normal"
density, i. e, a "normal" structure, corresponding to a given textare. Wind-packed
snow shows abnormally high values of N/ny (up to 1.2); in a sense, its density is too
high; structure and texture are out of balance. Given enough time, metamorphism in
such snows re-establishes the normal ratio N/n,.

In sampling very soft new snow, a gap between the sample 3gnd the tube ofter. develops,
preventing measurement of K,. This value can then be calculated by determining a and
N as described above, because the first compression closes the gap.

- angN
K, N-n,
If only K, and n, have been determined, the probable mear grain size can be estimated
by using N/ny = 1. 063

K 0. 814
d = <Z§3n°) mm.

Figure 13 shows the field of snow in the graph of permeabilit- /ersus porosity, assembled
from data from references 2 and 4. All snows fall within * licated area. The grain-
size lines e ™ sed on the above equation for d and are no . than guidelines., The
graph s'.ows the great value of permeability as an index property.

F. CLASSIFICATION

Almost every worker in snow c'assifies different types in some manner, yet no
proposed classification scheme has been generally adopted. The "International Classifi-
cation of Srow (With Special Reference to $Snow on the Ground) " issued by the Commis.ion
on Srow and Ice of the International Association of Hydrology 3! is very useful and slowly
gaining favor. But it is not sufficiently quantitative for advanced scientuic and engineer-
ing purposes. A great deal of new work on standardization of testing techniques, and on
correlation of numerical values of different properties will have to be done before a
greatly improved classification caa be proposed. Summarization of the content of the
"International Classification'' would not be useful; the complete text is therefore offared
in an appendix, with the kind permission of the Commission on Snow and Ice of the Inter-
national Association of Hydrology and of the Associate Commission on Soil and Snow
Mechanics, National Research Council, Canada.

Classification of the forms of falling snow has been done in very great detail,3® based
on the great variety of habits (shapes) of the atmospheric ice crystals.

|
/




- —— s e ——— . < o . -

Figure 11. Graph of permeability K
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FOREWORD

In recent years the need for a standard system of classi-
fying solid precipitation and fallen snow has become pressing.
Mechanizad transport over va.i snow-ridden areas, the usefulncss
of accurate snow surveys ia the mauntain and upland regions of the
world, and the intensified scientific study of lying swow - all these
factors made it impelling to devise some reliadle and simple
method of reporting and recording snow.

The seed of the International Snow Classification, which had
long been germinating, took firm root during the meetings of the
then International Comunission on Snow and Glaciers in Oslo in
1948. On that occasion three separate papers on snow data were
read and it became clear that a master system must be devised.
Accordingly, a committee was set up by the Commission consisting

of Dr. V. J. Schaefer, Mr. G. J. Klein, and Dr. M. R. de Quervain.
with instructions to produce a system that would be generally nd.

internationally acceptable.

With immense labour and application, and after corsulia-
tions with corporate bodies and private individuals, 2 ¢ «tive
sch was produced. This was placed before the Co don
at Bruss-ls in 195]1. After some final amendments, auth , was
giver for its publicatisn. The Classification is now being con-
sidered by the World Meteoroiogical Organisation through its
Technical Commission on Asrology (C.Ae) and it is hoped that
it wiil receive also the approval of this body. This publication
has been greatly facilitated by the National Research Council of
Canada through the good effices of Mr. R. F. Legget, Chairman of
its Associate Commiitee on Soil and Smow Mechanics.

On behalf of the Commission on Snow and Ice 1 gratefully
achnowledge the dedt we all owe to the authors of this work.

Gerrid Seligman,

November 13, 1952 President,
London, England Commission on Snow and Ice
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INTRODUCTION

The classification presented herein bas beeny developed by
the Committee on Snow Classification in tic hope that it may
become the generally accepted international system for classifying
snow,

The Committee, which was formed at the Oslo Conference
of the International Union of Geodesy and Geophysics, regarded the
questionof an international nomenclature for snow as being outside
its province. For this reason symbols were used to designate the
varicus classes and basic features of snow, making the classifi-
cation independent of language and therefore more convernicnt for
international use. Although the symbols may also be uscd for
teletype messages, it should be emphasized that the latter usc was
not the primary reason for adopting the symbols.

The classification is similarto severalmoreorle s parallel
systems which have been developed in different countries and have
been in use during the past one or two decades. The best features
of these systems have been combined and moditied form a co-
herent and reascnably simple classification. M ‘ought and
c.ort }ave been put into its general arrangement aetails, and
many groups and irndividuals directly concerned with snow research
have been consulted with a view to making the classification as
suitnlle and generally acceptable as possible. If the classification
is as wel. received as it was in its tentative draft form, the.e is
little doubt that it will be ~dopted by many groups engaged in the
study of snow and its related problems.

An important feature of the classification is that it has
been set up as the basic framework which may be expanded or
contracted to suit the needs of any particular group ranging {rom
scientists to skiers. It has also been arranged so that many of
the observations may be made cither with the aid of simple instru-
mentis o, alternatively, by visual methods. Since the two metiods
are basically parallel, measurements and vicual observations may
be combined in various ways to oblain the degree of precision
required in any particular class of work.

Section I, on solid precipitation, is not intended to replace
that part of the International Meteorological Code which deals with
snow, hail, etc.,, and care was taken to avoid any conflict between
the two systems. Section 1 is based on the form of the crystal ur
particle and regards form and sise of a particle as two separate
features.
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Section 11, dealing with deposited snow, is based on the
fundamental features which determine the physical ciaacteristics
of a mass of snow and distinguish one type from auother,

Sections 1 and 1] may be regarded as the fundamental part
of the classification.

Section 1l deals with measurements which are frequently
required in describing a srow cover, while Sectioa IV provides a
means for des<ribing certain features of the snow surface which
may be significant in some problems.

Subsection 1 of Section 1V, dealing with surface deposits
such as surface hoar, has been included because of its relation
to snow lying on the ground. The ice deposits which form on the
wings of aircraft are of a similar kind, and specialists in this
field are using a more detailed classification than the classifie
cation for surface deposits presented here. It may be regarded
as an example of an expansion of a section of the present r assifi=
cation.

An attempt has been made to describe clearly ~~ch class
or feature of snow in the body of the classification. ‘lnssifie
ention bas also been presented in anabstract formeh’ suitable
for conven.ent reference in the field.

A rumber of examples explaining the use of the symbols
are given in the text, while iie use of the graphic symbols i3
illustrated in Appendix 1.

Those interested in the Erglish terminology commonly used
indescribing snow should refer t» ''Snow Structure and Ski Fields"
by G. Seligman, MacMillan and Co., Limited, London, 1936. If a
nomenclature for snow were inciuded as an appendix tothis classi-
fication, it would closely follow t3e nomenclature giveaby Seligman.

T — ———
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SECTION 1

SOLID PRECIPITATION

The term "'solid precipitation” refers to the various kinds of solid water particles
which develop in the atmosphere and fall earthwards, for example, snow crystals, ice
pellets. When a sharp distinction is drawn betwaen falling and deposited particles, the
term applies to precipitaiion while {t remains sirborne; but in the classification pre~
sented here, "solid precipitation” is taken to also imclude freshly deposited particles
which have not undergone any perceptible transformation subsequent (o being deposited
upon the earth.

When different classes of solid precipitation occur together, the relative number
of sach type may be given as the sumber of tenths, er aundredths, ¢.g., SF2D4+2FODL. S
designates 80 percent stellar crystals of 4 mm. average diameter mixed with 20 per cent
graupel of 1.5 mm. average diameter.

The International Meteorological Code may be used to indicate the intensity and
duration of the precipitation as well as other weather data when this information is
required.

The method of classifying solid precipitation is outlined in subsections 1 and 2.

1. Type of Purti.le Geseral symbol F
Graphic symbol for snow in general, i.e. Fl o F7 ><

TABLE 1
CLASSES OF SOLID PRECIPITATION

Graphic

| Description Symbol 1

Plate I} O
A plate is & thin, plate-like snow crystal the form of which

more or less resembles a hexagon or, in rare cases, a
triangle. Generally all edges or alternative edges of the
plate are similar in patiern and length.

Stellar Crystal 2 * )

A stellar crystal is a thin, flat snow crystal in the form of
8 conventionalised star. It generally has esix arms but
stellar crystais with three or twelve arms occur ocea~
sionally. The arme may lie ia & single plane or in closely
spaced parallel planss in which case the arms are inter~
connected by a very short column.

Column 3 | |
A column is a relatively short prismatic crystal, either
solid cr hollow, with plane, pyramidal, truncated or hollow
ends. Pyramids, which may be regarded as a particular
case, and bisations of col areincluded inthis cinss.
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{Table 1, continced)

Description

Graphic
Symbol

Needle

A nesdle is a very slender needle-like snow particle of
approximately cylindrical form. This class includes hollow
bundles of parallel needles, which are very common, and
combinations of needies arranged in any of a wide variety
of fashions.

P ——

Spatial Dendrite

A spatial dendrite is a complex snow crystal with fern-like
arms which do not lie in a plane or in parallel planes but
extend in many directions from a central nucleus. Its
general form is roughly spherical,

@

Capped Column

A capped column is & column with plates of hexagonal or
stellar form at its ends and, inmany cases, with additional
plates at intermediate positions, The plates are arranged
normal to the principal axis of the column. Occasionally
only one end of the column is capped in this manner.

i

Irregular Crystal

An irrcgula: crysidus a snowparticle made up of a sum-
ber of small eryutals grown together in a random fashion.
Generally the component crystals are so small that the
crystalline form of the particle can only be seen with the
aid of & magnifying g'ass or microscope.

Graupel
Graupel, which includes the soft hail, small hail, snd smow
pellets of the meteorologist, is a snow crystal or particle
coated with a heavy deposit of rime. It may retain some
evidence »f the outline of the original crystal although the
most common type has a form which is approximately
spherical.

Ice Pellet

fce pellets are frequently called “slaet” in North America.
An ice pellet is & transparent spheroidof ice and is usually
fairly small. Some ice pellets do not have a frosen centre
which indicates that,at least in some cases, freesing takes
place from the surface inwards.

T e s e . | o 0000
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(Table 1, continued)

Description 8ymbol g,...u"wxe

Hail [} A
A hailstone® 1s & grain of ice, generally having a laminar
structure and characterised by its smooth glased surface
and {ts translucent or milky-white ceatre. Hail is usually
associated with those atmospheric conditioas which

accompany thunderstorms. Hailstones are somwtimes
quite large.

*la English, hail, like rain, refers to & sumber at one
time, while hailstone, like raindrop, refers to an
individual.

Modifying features of classes Fl to YO may be included by adding one or more of
the followiag subscripts.

TABLE 1t
MODIFYING FEATURES

Symbol
Feature Subscript
Beoken crystals »
Rime -coated particlees not sufficieatly ceated to be ]
classed as graupel
Clusters, such as compeund snow flakes, composed [

of several individual snow crystals

Wet or partly melted particies

2. Sise of Particle Gensral symbel D

The sise of a crystal or particle is {to greatest extension messured in mill.
meters. When many particles are involved, ¢.g., a compound snew flake, it refers to
the average sine of the individual particles.

Example: F4{D2.5 0f <o——u= (D2.§ designates a cluster or clusters composed of
nesdles, the average sise of the needles being 2.5 mm.

N N e e e . et L e . Ay 8
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SECTION 11 ‘

DEPOSITED SNOW

2 snow cover is generally composed of layers of different types of snow ecach of
which .3 more or less hoinogeneous within its own boundaries. Sectian 1l deals with the
classification of the type 01 siwww in any one layer.

A mass of snow is very porous and it may or may not contaln some water in the
liquid state which is usually referred to u's "{ree water”. In the gemeral case, therefore,
snow may be regarded as a mixture ¢ {(e, air, and water, the ice being in the form of
crystals or grains which are usuvally interknit or welded together e form a structure
which possesses some degree of sirength, Thn physical characteristics of a mass of
snow, like those of many other materials depend upon the relative proportions of its
constituents, its structure, and its temperature. Taking physical characteristics as the
vriterion, the primary features which classify a type of deposited snow are those given
we. Table 111, '

TABLE 111

PRIMARY FEATURES OF DEPOSITED SNOW

Feature Units Symbol
Specific gravity, or non-dimensional G
Density ./cm’. or kg/m’.
Free watcr content % by weight, or w
see Tabdle lV
Impu-ities % by weight J
Crain shape sce Table V
Grain size millimeters D
. Strength represented by:
. 2
g Compressive y:eld strength, g/em®. Kp
;:’ Tensile strength g/em?, Ks
Shear strength at sero ./cmz. Ks
normal stress, or
Hardness according to instrument R
Snow lemperature degrees Centigrade T

The sbove features are discussed in some detall in the followiag subsections.
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1. Specific Gravity General symbol G

- Specific gravity is the ratio of the weight of any volume of a substance to the weight

of an equal volume of water and is therefore non-dimensional. Density may be used as

N an alternative. It should, however, be expressad either in grams per cubic centimeter or

- in kilograms per cubic meter; the former having the sans Lumerical value as specific

Y gravity while the lattar avoids the inconvenience of whe decimal polat. For example: a
specific gravity of 0.23% is equivalent to a density of 0,235 grams per cubic centimeter
or 235 kilograms per cubic meter. Using symbols, this maybe given as G 0.235 or G 235
provided the dimensions used are clearly indicated or understood.

2. Free Water Content Ceneral symbol W

There are several methods of measuring the free water content of snow but, since
fairly elaborate spparatus is usually required in order to obiain reasonable accuracy,
these methods are generally used oaly in a laboratory. Messurements of {ree water
content aye expressed as a percentage by weight.

In field tests, reliance usually has to be placedupon simple observations. Table IV
is given 24 the pasis of observations of this kind and, slthough this meihod was primarily
intended for use in the field, it is als0 of considerable value in the laboratory.

TABLE 1V

M FREE WATER CONTENT

Graphic
Term Remarks ) Symbol Symbol
Dry Uswally T is below 0°C, but dry snow can occur a
t-mperature up to and including 0°C. When its ¢ D
' ture is broken down by crushing and the loose g..ias

are lghtly pressed together as in making a ssow ball,
he grains have little tendency to cling to sach other.

T s 0°C. The water is not visidle even with the aid of »
& magnifying glass. When lightly crushed, the smow ED
has a distinct tendency 10 stick together. '

I e PR Y PSR T

Wet T s 0°C. Th:water can be recognised by its meniscus [ UD
between adjncent snow grains, but water cammot be
pressed out by moderately squcesing the smow in the

F hands,
» Very T = 0°C. The water can be pressed out by moderately 4 mu
Wet osqueesing the saow in the hands but there still is an

appreciable amount of air coafined within the snow
structure.

Slush T s 0°C. Smow flocded with water and containing a . mn:]
relstively small amount of atr.
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3. Impurities General symbol J

This subsection has been included in the classificatlion ia order to cover those
cascs in which the kind and amount of an impurity have an influence upon the physical
characteristics of the snow. In these cases the kind of impurity shouldbe fully described
and ils amount given a3 a percentage by weighi. Common impurities are: dust, sand,
organic 1., terial, salt, etc.

Graphic symbol P

4. Grain Shape General symbol F

In the classification, numerical symbols {Fl, FZ, etc.) have been used for solid
precip:tation while alphabetical symbols (Fa, Fb, etc.) have been used Zcr deposited snow.
However, whenever a distinction between the various types of [reshly deporited snow is
required, the classification given in Table I may be used and, when necessary. the relative
proportions ol the various types may be expressed as the number of tenths as explained

wn Section I.

TABLE V

GRAIN SHAPE

Graphic
Description Symbol Symbol

Class “"a" s
Gt

Class "a" reiers to {rueshly deposited snow composed of
crystials, or parts of broken crystals, of types Fl to F?7
{Table I). Susw whi-h has lost its crystalline character
while falling to ear.a, and graupel,ice pellets, and hail do

not belong to this class. Class "a" snow is genarally
very soft.
Class "b" [ ] LR
/7 /

Thisclass refersto snowduringits initial stage of settling
1t has not reached the very fine grain-sise condition which
is generally regarded as the conclusion of the initial stage
of transformation. Although it has lost a great deal of its
crystalline character, some crystalline features can be
observed. Class "b" snow is usually fairly soft.

Class "c” ¢ [E

When snow is transformed by melting, or melting followed
by freesing, it completely loses all crystalline features
and its grains become irreguiar and more or less rounded
inform. This is Class "c'" snow. It hae no sparkle effect
even in bright sunlight and can be readily recognised by
its dull appearance. It is usually fairly soft when wet, but
can be very hard when frozen. Class "¢ snow may have
any sise of grains from very fine to very coarse.

- - .




(Table V, continued)

Graphic

Description Symbol Symbol

Class "d" d

At temperatures well beiow freeaing znd withoui any
apparent melting, snow is transformed into Class ""d" by
the process of sublimation which produces irregular grains
with flat facets. Theze facets give the snow a distinct
sparkle effect in bright sunlight. In the Arctic, where
temperatures are low and persistent winds accelerate the
suvlimation, practically all of the settled snow is Class
“d" and has almost as much sparkle as a deposit of F1
crystals. Class "d" snov is usually fairly hard.

Depth Hoar .
) ) . AAA
Depth hoar is characterized by its hollow cup-shaped
crystals. These crystals are producedby a very low rate
of sublimation duringa long uninterrupted cold period and
are most frequently found directly below a more or less
impermcable crust in the lower part of the snow cover,
The strength of a layer of depth hoar is very low.
5. Grain Size General symbol D
The qruin size of amore or less homogeneous mass of ©wis the average size of
its grains, taxing the size of an individual grain as its gr extensior. A simple
vtk o ble Inr ficld measurements is to place s fair se i the grains on a plate

ahivn has teer ruled in wmillimeters. The average or typical size is then estimated by
vemparing ihe size of the grains with the spacing of the lines ou the plate.

The grain size of depusited snow is expressed in millimeters or, alternatively,
by the us2 of :he¢ terms or symdcls presented in Table VI,

TABLE V1

GRAIN SIZE OF DEPOSITED SNOW

Term Symbol Grain Sise Range
Very fine - less than 0.5 mun.
Fine b . 0.5 to 1.0 mm.
Medium e 1.0 to 2.0 mm.
Coarse d 2.9 to 4.0 mm,

Very coarse

greater than 4,0 mm.
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6. Strength of Structure General symbol K

The yield strengths in compression, tension, and shear of many materials are
generally inter-related by simple ratios, such as 2:2:1 which applies to ductile
materials. In this case, the three yield strengths are known when any one of them is
given. Investigations, still in progress, indicate that a relation of this kind exists
between t'e yield strengthe of snow. It is therefore proposed that i(h¢ strength of
deposited snow be described by any one of the following:

(a) Compressive yvield strength, i.e., the stress under a
compressive load at which initial collapse of the snow
structure occurs, ./emz.

(b) Tensile strength, g/cm?.
{c) Shear strength at serc no-mal stress, g/cmi.

{d) Hardness, in which case the correlation between ths
readings of the particular hardness instrument and
(a)s (®), or (c) above should be given.

Since the technique and instruments required for measuring (a) and (d) are con-
siderably less complex than those required for measuring (b)and (c), compressive yield
strength and hardness mea ts can be expected to be used mwore {requently than
measurements of tensile and shear strength.

TABLE Vi1
STRENGTH OF DEPOSITED SNOW

Term Range of Kp, g/cm? Symbot Graphic Sv--hol
Very low 0 -10 a | m—

Low 10 - 100 b ZZZ2
Medium 120 - 1000 e xXxX3-
High 100¢ - 10,000 d (2 Z ]
Very high  Greater than 10, 090 . x—xi

7. Snow Texporature General symtol T

The temperature of snow should be given in degress Centigrade. Eometimes it
is desirable to record other relatud temperatures; ths suggested symbols for the more
common ones are included below:

Snow temperature T degrees Centigrade
Alr temperature Ta " "
Temperature of snow suzrface Ts " "
Ground temperature Tg " "

e B P AR sl £ 7t - PR -~ P . e
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SECTION 118
SNOW COVER MEASUREMENTS

A cross~-section of & snow cover may be described by classifying the snow in each
layer, as nutlined in Section I, and by giving the location of the houndaries of the layers
by means of mcasuremcnts. The location of a Isyer bounary is generally established by
its vertical co-ordirate measured from the surface of the ground but, in certain cases,
where only the upper part of the snow cover is of interest or where it is difficult to
use the ground as the reference, the snow surface may be taken as the roferencs.

The symbols H, HS anc HN should be used for all vertical measurements regard-
lees of whether they are taken at a place where the snow surfaceis horizontal or inclined.
Vertical measurements are preferred even when the snow lies on a slope. If, however,
the measurements are taken along a line perpendicular to an inclined snow surface, this
fact should be indicated by using the corresponding symbols M, MS and MN.-

TABLE viil

SNOW COVER MEASUREMENTS

Term Dimension Symbol
Vertical co-ordinate {measured from the ground) cr H
Total depth of snow cover em HS
Depth of daily new snowfall m HN
Measure aents corresponding to those above but em M, MS,
taken perpendicuiarly to an incline.. snow and MN
aurface
Inclination of snow surface angle in N
degrees
Waler equivalent of the snow cover mm HW
Ratio of snow covered area to total area tenths Q
Age of snow deposit indicate A
whether
hours, days,
or years
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SECTION 1V

SNOW SURFACE CONDITIONS

Surface deposits, such as surface hoar, and other features of the snow surface
may be described as indicated in the following subsections.

1. Surface Deposits General symbol V

These deposits are represented by the symbols VI, V2, stc., to avoid confusion
with the symbols F1, F2, etc., for solid precipitation.

TABLE IX
SURFACS DIPOSITS
Graphic
Term and Description Symbol § N
Surface H
rface Hoar 1 )

Surface hoar (s a deposit of plane, prismatic, or dendritic
crystals formed by sublimation of water vapour onto any
fixed object the temperature of which isbelow 0°C. Plase
crystals of surface hoar can be distinguished from glates
(1) by their lack of symmetry.

Soft Rime 2 \/
between surface hoar and hard rime (see definition below)

Soft rime is a light, brittle feathery deposit intermediate
and appeirs ! te a combinatioa of the elements of both

hoar and rime.

Hard Rime
Mard rime is a [rosca deposit of smali, supercooled fog

droplets onany selidodject. The droplets freess imme-~
diately upoa contact 'with the ebject which gives rime its

very fine pebbly texture.

Olased Frest or Glase 4 N

Clased froet is a smwooth, thin, ice coating formed on any
solid sbject by raindrops which have rua togsther before
freesing, or by thawiag followed by freesing.

3. Surface Roughness General symbol 8

This subscction does not refer to roughness dus to the grasular nature of snow but
to the roughnees of & snow surface caused by the elfects of wind,rain, unequal evaporation
or unequal melting. The average depth of the irregularities, measured in cm., may be
combined with the symbol, for example: 8c 15 or AaalS,
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TABLE X
SURFACE ROUGHNLSS

Term Symbol ‘:;;‘:‘o:
Smooth a
Wavy 1Y NN
Concave furrows ] AAN
Convex furrows d ' o
Random furrows L] NN

3. Penstrability of Surface Layers General symbol P’
Occasionally, an spproximate indication is requiredof the abiiity of a anow cover

. to satisfactorily support a zertain load. The depth of penetration of some suitable object,
such as a ski or A man's foot, may be employed for this purpose. The following symbols

sre suggested:
Depth of ski track (skisr supporied ca cne ski) Ps
Depth of footprint (maa standing on ose foot) PP
The dapth of penstration should be measured in con’ 78 or may be expressed
by symbola.

TABLE X1
DEPTH OF PENLETRATION
Term Depth Range, cm. Symbol
VYery small legs than 0.3 a
Semall 0.5 t0 2 »
Medium 20 10 [
Deep 10 t0o 30 d
Very desp greater than 30 (]
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ABSTRACT OF THE CLASSIFICATION FOR SNOW

K ! SOLID PRECIPITATION
: ‘ LYPE OF PARTICLE

E

>t>l>k§ﬂ®tu*ogg

b FLATE

J STELLAR CRYSTAL

’ COLUMN

NEEOLE
S SPATIAL DENDAITE

CAPPED COLUMM

IRREGULAR CRYSTAL
GRAUPEL

ICE PELLETY

HAIL

v MODIFYING SROKEN RIME COATED
FEATURE CRYSTALS | crysTaLs | CLUSTERS wet .

SYMBOL ' |
SUBSCRIPT 4 r w >,

S12E OF PARTICLE O MEASURED IN MILLIMETERS.
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I SUBGLASSIFICATION
FEATURE
[ [] [ [ [
SPECIFIC GRAVITY ¢
FRLE WATER, ™
dey melet wet very wot slush
GRAIN SHAPL r (LY [%i-_‘.u
P1-77 arysten] partly eettiod Irounded graina] 97438 ¥ dopth howr
GRAIN SI12€, mm. o <o-s 08-1 -2 2-4 )4
COMP, YLD, STGTH ¢ Amt| K %
’ 0-10 10- w0t - »10
SNOW TEMPERATURE, T°C |ice LAYER, (| ommemm [iMPumiTIES JR

SNOW COVER MEASUREMENTS

4 to instined
VERTICAL | ™ oprtecen INCLINATION OF SURFACE, M DEGCRELS
coomomare, ea| w | w || CR CamACNT oF cove,
N__Wm.OF WA
TOTAL DEPTH, cm. NS s SNOW COVERED AREA, . . ouvn3
| TOTAL AREA
DAILY NEW ‘ AGE OF DEPOSI., A MR, DAYS, ETC.
SNOWFALL en. L L] ’ - ’

SNOW SURFACE CONDITIONS

SURFACE  OCPOSIT SURFACE HOAR| SOFT RiMe RO RIME |GLAZED FROST
SYsR0L vi ve vs va
GRAPHIC SYMSOL Named v v oo
CONCAVE | CONVEX | RANOOM
SUAFACE AOUGHNESS J[suoom WAVY ronnows | rummows | rommows
SYMBOL ll 1) E 1 1 8¢ t 03
GRAPHIC SYMBOL —— | NN AN | A A s
SURPACE PENETRABILITY . » . ¢ .
RANGE, eom, <o-9 os-2 2-10 10-30 bY )

SKI TRACK OEPTM

FOOT PRINT OLPTH

(sien suprortED oM ONE SMi)  em. P8
(wam sTamome ow Ong FOOT)  em.  #p
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HN
HS
Hw

MN
MS

APPENDIX 1§

LIST OF SYMBOLS

Age of a8 snow deposit

very low, etc. Always used after the general
symbol of s particular quality,

low, etc. such as specific gravity to
medium indicate the degree of that
X quality.

high, etc.

very high, etc.
Size of a particle

Shape or form of a particle
with figure : solid precipitation
with letter : deposited snow

Cluster of particles; see Table [
Specific gravity, density

Vertical co-ordinate

Depth of daily new anowfall
see Tabie Vill

Total depth of snow cover
Water equivalent »f snow cover
An ice layer

Imprarities

General symbol for strength of deposited snow

Compressive yield strength
Shear strength at sero normal stress | see Table VI
Tensile strength

Measurements taken perpendicularly
to an inclined snow surface;
see Table VILI

Inclination of & snow surface

General symbol for penetrability of surface

T e g S———— S a5 ot R —

AR A

Dsarived from:

élur. Age

Diameter

Form

Flake
Gravity, Gewicht

Height, Hauteur, Hohe

lce
Impurities, Impuretés

Kohision

Michtigkeit

Neigung

Penstrate, Zc'oc'trcr

A s AR
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! PP Depth of footprint
! PS  Deptn of ki irack | 0 BectientV-3
: ] Fragment of & snow crystal; see Table Il
{ Q Ratio of snow-covered area to total area
% R Snow hardness, related to a particular instrumest
! r Rime-coated particle; see Table 1}
s Genaral symbol for snow surface
'i Sa to Se  Snow surface roughness; see Table X
‘ T Snow temperature
; Ta Air temperature
2 Tg Ground temperature
Te Temperasturs of the snow surface
v Surface deposits, such as surface hoar; see Sectic
" I ree water comtent of saow
™ - Partly melted particles; see Table Il
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LIST OF SYMBOLS, continued

Derived from:

Partager, Part
Quotient

Resistance, Rigiditd
Rime

Suriace

Tempersture

!Ahr. _'_uur
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A vertival seclion of a snow cover may be represented
The appropriate symbols for a particular layer are combined
by superposition, while snow temperature is plotted as a curve. Grain sise and
specific gravity may be tabulated as shown in the

illustrated below,

grapha,

APPENDIX 11
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: ) p G. MECHANICS

-

Notation

Young's Modulus

Density® of snow

Density of jce {0.9179 g/cm?)
Strain

Activation energy

= Gas constant
Time or Celsius (formerly centigrade) temperature

Kelvin temperature
= Degree Celsius

Base of natural logarithms or void ratio
Snow grain diameter

Stress

= Shear stress or retardation time
Coefficient of dynamic viscusity
Polsson's ratio

taﬂqgnaq-pqaﬁdm
M
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* All densities are given in g/cm?® unle + ‘herwise stated.

Introduction

Snow mechanics is a relatively new subject of scientific~technical research, which
began to receive attention as an offshoot of soil mechanics in the late thirties, in rela-
tion to avalanche defense construction problems. The heavy emphasis on analogy
between so0il and snow mechanics has perhaps been not altogether fortunate. It was
initially very helpful, but snow mechanics may now in some respects h..e to go its own
way. It is presently only in a fair state of development, and a number of fundamental
aspects, primarily creep under combined stresses, collapse behavior, and flow dynamics,
are not yet well or at all formulated. The difficulties in development of snow mechanics,
as a science and for engineering purposes, stam mainly from the following factors:

a) the very high temperature dependence of many properties of snow,

b) the thermodynamic instability of snow.

¢) the large density and significant grain size ranges of snow, and the
1__‘1 gran size .

very large dependence of mechanical property parameters on density
and grain size,

d) the freedom of movement of grains in the snow structurs,
e) anisotropism and sample inhomogeneity.
These factors will now be discussed.

o b A A o
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a) Temperature. The mechanics of wet snow (temperature very close to 0C, and
vary.ng Iiquid water content) has not yet been investigated quantitatively. Perhaps only
two general statemients can be made here: Ultimate strength decreases drastically when
a snow becomes wet, and viscosity also decreases.

We are concerned here only with dry snow at temperatures lower than a small fraction
(not further defined) of a degree below the Ireezing point of ice at the prevailing pressure.

Tempe:ature has a moderate effect on elastic moduli, which iacrease with decreasing
temperature. The following is reported on young snow.3

E, = l-:" ~at-ty)

where t is in C.

Modulus Density Temperature a
(g/cm?) range _
E, 0.16-0.19 -1 to -7C 0.5
E, 0.16-0.19 -1 to -7C 0.7
E, 0.23-0.25 -1 to -18C 0.07
E, 0.23-0.25 -] to -18C 0.1

E; and E; are Young's moduli obtained from creep tests under static load, and are ex-
, plained later under creep mechanics. For Young's modulus E, determined from resonance
frequency of oscillation of bars, the following values are given, %

Density Tomp rarge a
0.29 ~1 to ~8C 0.1
C.33 ~1 to -8C 0.1
0.54 =1 to -8C 0.04
0.63 =2 to -9C 0,07
v. 76 =2 to -9C 0,08
The paramet. r a = %%-.— decreases at luwer temperatures 3’ probably exponentially, and

appears to be almo.st independent of density (y) for y<0.25 g/cm?.

The effect of temperature on ultimate strength has been investigated for the case of
tensile strength,® which increases with decreasing temperature. The derivative of
strength with respect to temperature decreases, since strength does not increase indef-
initely. The magnitude of this temperature effect will be given later.

The effect of temperature on creep rate (¢) of snow under stress is most important,
and adequately given by eq 1, except very close to the melting point.

N Ff1 _1
%‘,,n(ﬁ T) )

where T = degrees Kelvin (absolute temperature)
Te = reference temperature, at which ‘T. has been measured.
R = gas constant = 1, 987 cal/mol-degree .
F = activation energy = 10, 000 to 24, 000 cal/mol

tp = strain rate (creep rate) at tempersture T.
. L]




The activation energy seems to be somewhat
variable, within the range 10, 000 to 24, 000
cal/mol b 36 3937 i 14,000 as a fair
mean for purposes of comparing creep data
obtained at different temperatures. The
higher values are limited to some new
sn~ws 3

Figure 14 is a graph with Ty = 263.3
(to = -10C) as reference temperature,
using the above equation for different
activation energies. The figure shows
the enormous effect of temperature on
the creep rate. Taking for instance a
value of F = 14,000, snow under a given
stress will creep twice as fast at -10C
than at -16§C. and 200 times faster
at -2C than at -50C. The lines of
Figure 14 would very likely bend sharply
upwards as they approach the ordinate of
melting temperature.

It is easy to see that analysis of
creep even in a homogeneous snow mass
can become unmanageable when there
are temperature gradients.

b) Thermodynamic instability. The
snow structure is thermodynamically in-
herently unstable, which leads to meta-
morphism by recrystallization, described
in detail previously. For mechanical
behaviar, the important consequence is
increase 1 de: ity and grain size with
time. Density will remain constant or
decre.se shghtly only when there is a
loss of mass Ly sublitnation or when ten-
sile stresses doni.nate. The usual con-
dition is densification under combined
stresses. the normal minimum stress
being that exerted by the weight of the
snow mass itself. Grain growth is
favored by applied stress tecause
thermodynamic instability is increased
by distortion of snow structure and ice
crystal lattice, but it is inhibited by
reduction of porosity and permeability
upon densification.

SNOW AS A MATERIAL
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Figure 14, Effectoftemperatureoncreep

rate of snow for different values of acti-

vation energy F (cal/mol). Density and
creep stress constant,

¢) Density and grain size, The creep rate is highly dependent on density (y).
Since, in most cases, snow densifies as it is deformed, the rate of def,»mation de-
creases with time. Figure 15 shows a typical compression versus time curve,? and
Figure 16 shows curves relating viscosity to density,® Such curves are well described
by exponential functions 32  The rate of creep t (derivative of deformation with
respect to time) is proportional to an exponential of the density 33, 35, 37

:1 = o 2(Y-ve)
.Yo
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Figure 15. Creep compression cf snow as a func- Figure 16. Viscosity of new snow

tion of time at constaat load and tempe.ature.
is the initial density.) (From Bucher, ref.
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Figure 17. Effect of density on creep rate
of snow, for different values of expcnent h
Temperature and creep stress constant.

(Yo as a function of density (g/cm?) at
6} different temperatures,
{From Bucher, ref. 6)

OZPTH BELOW SUAFACE (METERS)

Figure 18. Snow density as a func-
tion of depth on a polar glacier.
{Site 2, Greenland 77°N 56°W).

(From Bader gt al., ref 3),
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Figure 19. Viscosity as a function of snow
grain size for different densities and tem- o

peratures. (Froin Bucher, ref. 6). 2 . . . © '
M, ~  C-SECTION MNSBER
Figure 20. C. -ection number m of

snow as & tunction of density.

The parameter b v. ries from perhaps as little as 5 to as much as 40 for different snow
type - time sequences. The conditions detarmining the vilue of b have not been investi-
gated, since the concept is relatively new. It depends on snow type sequence, and
perhaps also on the absolute value of the craep rate and temperature. Values of b 21
are very frequently found. Figure 17 is a plot of the equation for different values of b.
As an example, for b = 25, the creep velocity would decrease by three orders of magni-
tude during densification by a factor of 2, from 2 2510 0.%2 g/cm®. At y =z 0.4 a 10%
increase in density would drop the creep rate to one-thivd,

This strong function indicates that, when a snow cover consisting of layers of difierent
densities is slowly compressed, for instance by a footing, the lighter layers will densify
much faster than the heavier ones, resulting in a homoger.ization of the mass with respec.
This phenomenon is well illustrated by density profiles of deep snow on high

to density.
glaciers The greater the depth (increasing load-and time), the smaller the deviations
of density {from the mean depth-density curve., Figure 18 shows this condition for Green-

land snow at 77N 56W. The parallelism of the maximum and minimum curves below 25 m
is attributable to grain size differences. The lower density layers are coarsar-grained
than the higher density ones, and the salient fact is that, for a given density and streas
coarse-grained snow creeps slower than fine-grained snow. This is well illustrated by
Figure 19. (The creep velocity ¢ is inversely proportional to the viscosity n.) This is
the only data available, meager for a formulation of the relation between creep velocity

and grain size (D). The relation

po(2f ()

1 Dy
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34 SNOW AS A MATERIAL
does not fit too badly: the effect would be linear in terms of grain volume.
d) Freedom of movement of grains. In low-density snow there are large pore

spaces into which grains can move more or less freely. Thus, for instance, a grain
squeezed between one above and one beiow can often move cut sideways without exerting
lateral pressure on a neighboring grain. In consequence, such snow can be vertically
compiressed with only a very small resultant lateral pressure if lateral dilatation is
suppresaed.

Thris phenomenon is most important, for it invalidates, at least for mechanics of low-
density snow, the classical theoretical approach, wherein, for plastic deformation, the
principal stresses are related to strair. rates by analogy to elastic theory. Here the 'm"
numbYer, variously designated as ""cross-section number" or ""traasverse coefficient" is
the viscous or plastic analog L« the inverse of Poisrsa's ratio. The relation of r: to
density has been determined experimentally by uniaxial compression of snow cylinders,?$
and is shown in Figure 20. If z is the length of a snow cylinder, and x is its width, and
the cylinder is uniaxially compressed in z, then

1dz
zdt

m =1T’£ z :22 for small A. (1)
x dt

From this basis an additive theory of snow deformation under comtined stresses was
developed 3% .15 but has heen shown to be inadequate, 3¢ Experiments on the relation
between principal stresses in confined-side compression reveal that the resalting lateral
stress is many times smaller than the one predicted by the additive theory.

This means that we are presently without a useful theory of creep of snow under com~
bined stresses. The freedom of movement of grains could perhaps be formulated in
te.ms of a factor which is a function of density and possibly grain size, but not of tem=-
perature. The factor would be large for light snow, and decrease ., a minimum value of

unity as density increases. Instead of m, we would use a par- m
»_m
7]
with the houudary conditions vy=0 f(0) =w
vy flg)=1

m itself will have to be expressed in terms cf y. Its mininum value must be 2 at \ 7%

In particular, and as a good first approximation, low density snow reacts to triaxial
stress in the same manner as to three ccrresponding independent uniaxial stresses, i.e.,
the initial strain rais ¢, in reaction to a stress o, will be almoat independent of the
strain rates &, and ty produced by aprlied stresses ¢y and oy.

A great amount of accurate experimental work will nave to be done to clarity triaxiaa
creep mechanics.

e) Anisotropism and sample inhomogeneity. Anisotropism of a vectorial property
exists w.en its value changes with the direction in which it is measured. There are two
main annvoes of snow anisotropism.

1) The individual component ice crysi.al is anisotropic. Young's modulus varies
as much as 15% with direction. Since the basal plane norraal to the main crystallographic
axis is the only shear creep plane, the effective shear stress varies with angle between
applied shear stress and basal plane. Hence snow can be anisotrophic with respuct to
Young's modulus and viscosity when the orientation of the main crystallographic axis of
the individual crystals iz not random. When recrystallization of a low-density sno'v takes
place under strong temperature gradients, there is a tendency for preferred main-axis
orientation parallel to the gradient, i. e.,normal to the surface. Long-time pressure
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metamorphism ~ for instance natural densification in deep snow on polar glaciers -
also produces preferred orientation, with main axis parallel to the vertical compres-
sive strcss. M

2) Snow deposited during a snowfall is a very finely layered mass. During
deposition, density, structure, and texture fluctuate with fluctuating wind velocity,
changing rate of snowfall, changing shape of snow flakes, charging absolute and rela-
tive humidity, and changing temperature. Sublimation mslamorphism and densificatic.:
due to gravitation have an imtially homogenizing nfiucace, but layering long remains a
source of significant anisotropism.

It would be surprising if pressure metamorphism did not produce a structural
anisotropisin. In creep densification under lateral confinement, for instance in a layer
under the load of the overlying snow, the principal stresses are unequal (¢z>0, = o)
The spacial network of grains developed under this condition is unlikely to be isotrogic.

No further reference tc anisotropism will be made in the following discussion
of snow mechanics because no useful quantitative data have been found in the literature.
There can be little doubt, however, that it will loom large in the further development
of this science.

It has been found to be almost impossible to obtain or prepare identical snow
specimens for laboratory investigation. Quantitative differences in behavior of appar-
ently similar samples, &ll taken from a natural snow layer, or of specimens of care-
fully prepared reconstituted snow are very disturbingly large. ¢

f) Snow type in creep mechanics. The concept of snow type as defined by giving
values of density, grain size, permeability, viscosity, etc. breaks down in creep
mechanics unless times and deformations are very small, because all these parameters
change.

One begins with a given snow type, but ends up with another after the snow has
gone through a process of continuous change, at best only mass remaining constant. In
snow, as in ice, deformation-time curves (at constant str - always show an initial
transient section with rapidly decreasing creep rate. In.i curve often straightens
out to per:nit < iermination of a steady creep rate, but ra: . 4o in snow, where struc-
tural changes. particularly arain growth and increasing density constantly lower the creep
rate. it br:cun.es necessary to introduce the concept of a continuous time sequence of
events occurring In a mass with constantly changing properties, wiich has not yet been
done systematica'ly.

Types of Mechanical Behavior

We can conveniently distinguish between four distinct classes of snow mechanics:

1) Collipse mechanics, Ultimate strength in tension, compression, and shear
is given by the stresses causing structural collapse. Here the characteristic feature is
sudden loss of cohesion, breaking of the bonds betweea grains, with or without the
development of 2,acks. In tension and pure shear, the snow mass often brezks in vne
plane; in compression it sometimes crumbles, but, when unconfined, often shows .he
conical failure indicating shear surfaces. Disaggregation is an important absorber of
energy in snow removal.

2) Flow mechanics. The characteristic phenomenon is continuing rapid defor-
mation after structural collapse. The rigid units are individual grains, or groups of
grains forming lumps of different size, which in dry snow often break up further during
flow, but in wet snow can re-aggregate to larger coherent masses. In flow, energy is
absorbed by dynamic friction between rigid units, by their acceleration, and by further
fracture to smaller units. Flow mechanics is involved in rapid sliding along shear
planes within a snow mass, produced for instance by failure of abutments; in avalanches
of all types; in snow plowing; in crushing of snow under excessive load, by men on foot
or skis and by oversnow vehicles; by penetrating hardness-measuring instruments; by
ramming of foundation piles; also often in sliding contact between snow and other objects,
such as skis, snow shovels, plow blades, and avalanche slope terrain,
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36 SNOW AS A MATERIAL

Snow is a highly efficient absorber of shock energy, which is largely spent locally in
disaggregation and densification by fast flow. : Y
A special type of flow is ercountared in loose snow avalanches and rotary snow
plowing, where the snow particles are more or less suspended in a fast flowing air
stream, which because of low internal friction behaves to some extent like a heavy gas.
3) Creep mechanics. This is deformation under stresses smaller than those
leading ‘o sfructural (aliapse. The characteristic feature is that there is no rapid change J (,.’
of cohesion. :
4) Elasticity mechanics, Here the elastic properties of the mass déminate.
We are interested in response to rapid stress changes, primarily wave propagation i
follnwing explosions for construction and demolition or for seismic sounding.

We will now discuss snow mechanics in more dstail, where possible.

1) Collapse Mechanics

The value of strength, expressed in terms of stress (per unit area) measured just 5
before more or !ess sudden failure of teat specimens, must be applied with caution to ;
problems of failure of objects of different size and shape under different stress condi-
tions. In the following discussion of strength, the main interest is in relative value,
ia the functions rather than in specific values of parameters.

a) Tensile strength, The effect of temreratura on tensile strength is not well
formulated.  Practically the only data available ® are given in Figures 21 and 22, which ‘
show a strong effect for fine-grainsd snow, and a weak one for coarse-grained snow.
Between -10C and -30C, a strength gradient of some -2 } % per 1C dues not fit badly to line-
grained snow; it becomes larger at high temperature and smaller at 'ow temperature.
The figures show the strong effect of density, but this is better illustrated by determin- )
atinn® made at Site 2, Greenland (77N 56W) in a deep snow-cover sequence. In-situ
snow temperature is -24. 5C, and the densest snow is from 30 m depth and 40 years old.
Tests by three methods, described in reference 8, were made at se to -1¢C and

corrected to -10¢. by -2%',‘. per 1C. Figure 23 summarizes the *s. The following
squation,® re'otine ‘treagth to density at -10C, will also be us- . shear and crushing
strength:
rraay[1eelavy | )
i
; AY =YY

; ¢ = op = tensile strength at -:0C (by ring test %), in psi (multiply ¢ by 70.3 to
obtain g/cm‘g

a = 503
b = 2.88
Yo = 0.37 glem?
Yy >04g/em?,

It would be surprising if the parameter given for the tencile strength equaticn for tha
high-density fine-grained Site 2 snow were applicable to snow from other areas, but

the variation may not be very large. A tensile strength versus desity diagram for lower
density snows (Fig. 24) shows a very large scatter.

b) Shear strength, Shear strength of snow is very similar to tensile strength,
and, althoug ¢ numbers given below indicate a lower shear strength, we must never-
theless assume that tensile strength is lower than shear streagth, because cylinders in
torsion fail with helical fracture surfaces characteristic of tension failure.? The dis-
crepancy can be attributed to test techniques, as deacribed in references 2, 7, 8, 31
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Figure 21. Tensile strength of snow as a function of
temperature. (From Bucher, ref. 6).
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Figure 22, Effect of temperature on tensile strength of : ’ »
snow of different grain sizes. (From Bucher, ref 6).
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Figure 23, Tensile streagth of snow
versus density. Site 2, Creenland.
(From Butkovich, ref. 8).
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Figure 25. Shear strength of snow
versus density. Site 2, Greenland.
Measured by shearing out the cen-
tral sectioa of a cylinder (double
shear), (From Butkovich, ref. 8).
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Figure 24. Tensile strength versus
density for low densicy snows.
Measurement by centrifugal method.
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Figure 26. Torsional shear

strength of snow versus den-
sity. Site 2, Greenland.
(From Butkovich, ref.8)
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Figure 25, again of tests made at Site 2, Greenland, shows the relation of shear strength
to density. Equation 5 now applies as follows:

¢ = ¢, = shear strength at zero normal pressure in psi at -10C

a - 333

b - 7.04

Yo=0.37g/cm?

v>0.4 g/cm?,

A graph of values of shear strength plotted against density for low-density snow would be

very similar to Figure 24. Torsional shear strength of high-density snow was also
determined at Site 2, with results shown in Figure 26. The parameters of eq 5 are:

o = torsional modulus of rupture, in psi . -10C
a = 230
b = 5,73
Yo = 0.37 g/em?
¥Y> 0.5g/cm?,
Since the cylinders break on 45-degree helical surfaces, the failure is in tension, Here
tensile stress, compressive stress, and shear stress are all equal. The larger differ-

ence in values of tensile strength calculated from torsional and ring tests may be due to
the difference in general stress distribution.

Using soil mechanics terminology, shear strength at zero normal pressure is often
called cohesion, .

Shear strength increases when pressure (less than the ¢ *  ‘ng strength) is applied
norma! to *the plane of failure. Figure 27 shows the effect te 2 snow, the curves
corresponding t the following parameters of eq 5:

Normal pressure 2 b Xa
0 330 7.04 0.37
30 psi 558 5.44 0.37
60 psi 643 6.13 0.37

Figure 28, giving shear strength versus normal pressure at constant de~ - ity is important
in showing that Coulomb's equation (linear Mohr envelope) is not applicable to cohesive
snow. But if the grain bonds are broken by structural collapse, and tests arc made be-
fore strong new bonds form, we have a material behaving somewhat like sand and the
Mohr envelope straightens out.? Figure 29a is for coarse-grained disaggregated s 10w,
where new grain bonds develop slowly; Figure 29b is for fine-grained snow, where they
develop quickly. Coulomb's law is used in snow engineering, for instance in avalanche
mechanics, and in relation to performance of oversnow vehicles, but is of highly doubt-
tul value to theoretical development. Coulomb's law states that the shear strength is
equal io the cohesion plus the product of normal pressure and the tangent of the angle of
internal friction,

€) Crushing strength {unconfined uniaxial compressive strength). Testing is
usually done on cyﬂnirlcal specimens with length-to-width ratio larger than 2. Loading

rate should be high to minimizé densification before failure. Figure 30 summarizes the
Site 2 tosts. Equation 5 simplifies to

o * 1418 (y-0.39), y> 0.4
whers ¢ * crushing strength at -10C in psi.

o s 2 b a8 A
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Figure 28. Shear strength versus
i normal pressure for a snow of den-~
- sity y = 0.45. Each point is mean
5 of 10 tests. (#rom Butkovich,
ref. 8).
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Figure 27. Effect of normal pres-

sure on shear strength of saow.
(From Butkovich, ref. 8).
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Figure 29, Shear strength and appareat internal friction
(tan p.) of two snow types. (From Bader st al., ref. 2)
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Conlcal failure is often noticed in high-density snow, while low-density snow, which is
very weak in compression and less homogeneous, fails along irregular surfaces with
local crumbling. Comparison of Figures 23 and 30 shows that tensile strength is close
to one-half of the crushing strength, which is not surprising because in uniaxial com-
pression the maximum shear stress is approximately half of the compressive stress,
and shear and tensile strengths are similar,

Soth in nature (snow in an avalanched deposit) and in technology (compacted snow as
a constructinn material) we encounter the phenomenon of age hardening of reconstituted
snow. The term reconstituted snov is here used to designate a material produced either
Sy zollapse of a cohesive snow structure by rapid deformation, or by redeposition of
disaggregated snow. Immediately after its formation, reconstituted snow has very low
strength, but it gains strength with time, ultimately attaining approximately that of
slowly compressed snow of equal deansity.

.Crushing strength of reconstituted snow as a function of time approaches a maximum
value exponentially;:}?

oo, lo,- ekt (6a)

o crushing strength at time ¢
€ * maximum attainable crushing strength
¢e * crushing streugthatt = 0

k =z rate coefficient.

The longer it takes for ¢, to reach a given fraction of ¢y, the smaller the value of
k, which immediately lug;ehn that the rate coefficient is temperature dependent accord-
gtoeql. The lower the temperature, the smaller the rate of strength increase. The
rate of age hardening is accelerated by temperature gradir»' and pressure, by any
process which stimulates internal vapor transfer. In eng. 1g practice (compacted
snow roaus, tri 1ch roofing) it usually takes several dayst ., to reach } Oy At tem -
peratures arcund -10C. ¢

d) C.mpressive atrength, For low-density snow, the gngrenlvo ltreng%h
under lateral confinement (for instance axial stress on a snow cylinder g a rigi
tube) is little gre.ter than the corsesponding unconfinc-! crushing streugth, but the dif-
ference increases with density according to a function which has not been determined.

It is unlikely that any existing theory relating failure in compression to the value of the
principal will be useful for low-density snow. The collapse of a snow structure by
failure of individual bonds logally and in rapid sequence, with development of high stress
conceantrations, destructivé shock waves etc., strongly suggests that it will be very
difficult to depart from use of purely em irical relations, and a great am~unt of experi-
mental work will have to be done before such can be formulated. *

If a low-density snow is fairly rapidly compressed in a cylinder by a piston {n uni-
form motion, it reacts by collapse in several stepe, uuti! the density reaches about
0.5 g/cm?. At each collapse stage, there is a sudden loss of piston pressure, followed
by a continuous increase. After reaching a density around 0.5, the snow grains are in
close packing; the stress then increases very rapidly, as further densification requires
deformation of an increasing aumber of grains. Here we change from a discoatinuous
process of cpllapse by brescing of grain bonds to a continuous one of frictional flow,

If an object, such as # plate, is pressed into a large snow mass at a uniform rate, the
processes of densification by collapse and flow are both active. The stress in the snow
decreases with distance from the plate because it is distributed over increasing areas of
the pressure bulb. Collapse takes place in successive thin layer increments as the
stress reaches the compressive strength in each, while collapsed layers begin to densify
by frictional flow at high pressures, Stepwise collapse is well illustrated by Figure 31,
a stress penetration curve for a plate moving at 2 ecm/min.3'" The shaded area of
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&, CAUBENS STRENENY (ng a0t

Figure 31, Stress versus plate
penetration ia snow, Repeated
structural collaps¢ in small in-
“» crements. (From Landauer and
Royse, ref. 27).

Mooy

Figure 30. Crushing strength of
snow versus density. Sitc 2,
Greenland. (From Butkovich,
ref, 8).

0 os 0 (3 ) [ 7]
PRESIURE  (xesem’)

Figure 32. Raesistance to compressive collapse (under f-ictionless

lateral confinement) of new snow. Shaded area is range of densities

corresponding to given pressure. Initial snow density 0. 06<y<0. 16.
(From Bocher and Roch, ref. 7).
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Figure 32 indicates the range of densities to which new snows are compressed by
collapse under lateral confinement and negligible lateral friction.” The behavior

at -2C of five samples of original density lying between 0. 06 and 0. 16 g/cm? falls

within the shaded area. Careful work with pressure plates should make it possible to
define the limits of the pressure bulb (within which the snow is disturbed). The slow
fucrease of strcss with penetration indicates that the diameter of the pressure bulb
incceases only slowly ‘with Jdistance from the plate. Figu~es 33 and 34 show the develoy -
mant of essentially conical pressure bulbs in jow-density snow,? reflecting the weak-
ness of shear resistance. In contrast to this, wet snow (Fig. 35) appears to have a high
ratio of shear to compressive strength, and & very low viscosity.

o) Work of disaggregation. This is the minimum work that has to be done to
break up a unit volume or mass of snow into its individual grains. It applies only to
low-density snow (y< 0. 55), which can be disaggregated without significant grain break-
age. Measuraments are made by slowly moving a snow cylinder sgainst a slowly revolv-
ing spiked wheel and measuring the torque and the rpm.  Figure 36 gives the work of
disaggregation for Site 2 snow. Eq 5 can again be used.

¢ = work of disaggregatioa in Ib/in?
a = 1.20

b = 65.12

Yo * 0.37

vy <0. 55,

Hard high-density snow cannot be disaggregated without significant grain breakage.
The concept of minimum work of disaggregation then becomes meaningless.

Technical note: It is well known that large rotary snowple *  with disaggregators to
break 'ip the snow, can process very much less hard snow soft snow; yst the work
of disaggregati n is almost negligibly small, requiring, ac ...ing to the above equation,
only 2. 3 hp icr | yd?/sec cf 9.5 density snow.

f) High speud collapse mechanics is technically important in snow removal,
compaction of snow by moving vehicies, avalanche effects, and explosions in snow. At
high speed (mete.s per second), compressibility and flow of interatitial air, snow-mass
inertia, and fast frictional flow become important. This branch of snow mechaanics is
altaost completely undevelnped,

A single significant published paper was found3® An instrumenteu, heavy guided
cylinder was dropped into saow. The pertinent cbsarvations are that the resistance to
penetration at velocities of meters per secound oscillates (frequency of the order of
milli-seconds), and that the pressure bulb shows alternating high+ and low-density
layers, as illustrated in Figure 37, indicative of a shock wave (with interference pie-
nomens) travelling faster than the penetrating object. It is obvious that analysis must
await more experimental work.

2) Flow mechanics

There are insufficient quantitative data available to permit a fruitful expositioa of
flow mechanics. The orly subject on waich we have an appreciadle volume of publica-
tions is marginal to flow mechanics, because in most cases a surface layer only a few
grains thick is involved. This is friction of skis on snow, and here the scatter of data
and diversity in procecure are 90 large that one cannot formulate a good theory of fric-
tion between solids and snow. Only a few general conclusions are worth summarising.

a) The coefficient of kinstic friction (ratio of tangential to normal force) of
relatively amooth solid surfaces on snow varies mainly between 0.0l and 0.1 but can be

e E1
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Figure 33. Collapse compression of new snow yq = 0.07 at -2, 5C.
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Figure 34. Collapse compression of granular snow, yo = 0.32 at -3C,



Figure 35. Collapse compression of wet snow.
Meuning of numbers as in Figure 33.
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larger. Increasing the degree of solid surface
smoothness of non-metallic substances, such as
wuod, plastics, glass, reduces friction, but not
necessarily so for metals.

b) Hydrophobic coatings reduce friction
on wet snow, but to a much smaller degree on dry
snow.

¢) Friction on coarse-grained snow is
lower than on fine-grained snow,

d) The coefficient decreases with in-
creasing normal load,

e) The coefficient increases with de-
creasing temperature.

f) The coefficient increases with
velocity, but probably less than linearly.

There is little doubt that the low coefficient of
sliding friction results from lubricatior. by melt
water produced by frictional heating, and not by
pressure melting.

Figures 38 and 39 summarize the only data
available for dynamic friction ot snow on snow,?
The snow was wet and hard, with a density of from
0.5 to 0. 6. The salient feature is an increase of
friction with velocity at constant normal pressure,
and an increase with normal pressure at constan?
velocity.

47

[-X 23

3]

LHORK OF MSASORESATION tis - /2
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° Q10 040 080 080
U, 0aNNTY g/emd)
Figure 36. Minimum work !
of disaggregation per unit ‘
volivme of snow versusden-
Site 2, Greenland.
a Butkovich, ref 8)

ing dark high density layers in pressure bulb, Right: Shade figure of same pres-
sure bulb, (From Yosida, et al, ref. 38)

. 1
Figure 37. High speed collapse compressicn of snow, Ueft: Spray figure show- { .
! .
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Figure 38. Dymamic friction of snow on Figure 39. Dynamic {riction of snow on
snow versus normal pressure on contzct snow versus velocity of relative motion
area. Hard, wet snow. of contact areas. Hard, wet snow.

(From Bucher and Roch, ref. 7) (From Bucher and Roch, ref. 7).

The important natural processes and technologies involving flow for larger masses
of snow presently have no theoretical basis worth mentioning.

3) Creep machanics

In classical mechanics of solids, especially of construction materials, a detectable
rate of creep is often considered tc be a failure. Not so in snow, where relatively very
high creep rates are often tolerable in engineering practice, It becomes reasonable to
identify failure with collapse rather than with creep.

By creep, as already stated, we will understand deformation under stresses smaller
than those causing structural collapse. Creep mechanics deals with the relations between
stress, strain, and time.

Rheologically, snow is a non-Newtonian, visco-elactic sub 4, It is viscous
Lecause it «ill ~- jni-e permanent time-controlled deformation very small stresses;
elastic because ther: is a time-independent deformational comp.uunt recoverable upon
stress release, and non-Newtoman because the strain rate is not & linear function of
stress, Strain rate {r) increases faster than stress (¢), with the important character-
istic that it remaius practically constant for stress values up to about 600 g/cm? (8 psi).
Since this is also close to the maximun, shear strength of low-density snows, these can
be considered Newtonian with respect to viscosity. The scatter of experimental creep
data obtained from highly stressed high-density snow is such that the choice of one power
series in preforence to another cannot be made with great confidence. At the present
time, a hyperbolic sine fuaction is gaining favor, because it fite the duta rather well,
and is supported by theoretical considerations 39 based on activation kinetict, The
hyperbolic sine is also easier to handle analytically than finite power series.

We can therefore writy:
AN
b} oyotnb L, {n

To obtain some insight into the nature of the function, we write it as a series

"llnh.-:.!'(l +$!!- +£§)—‘0. : )

and see that the first term ¢ dominates (1. e.,the viscosity is almost Newtonian) when
¢/ ey 1o small.

‘The series can also be writtea as
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<z g
inh Z- = o .. T0
oy sinh - -If—(e e )
where we see that the influence of the second term is small when ¢/¢o is large; the

function then becomes exponential. Since g¢/¢, musat be a real number, ¢, has the dimen~’
sion of a stress. A value of about 700 g/cm? (10 psi) has been derived from experiments?

In Figure 40 we have plctted the follow-
ing funations:

y =ec
y = 700 -inhﬁ-a

350 exp 753 .

If we are willing to accept a 10% error
limit, which is quite reasonable, we can
in principle handle any problem where
stresses do not exceed 600 g/cm? on the
basis of direct proportionality between
stress and strain rate, and when stresses
are always above 800 g/cm? we can
assume proportionality of strain-rate to
an exponential function of the stress,
which simplifies expression and calcula-
tion, For stresses larger than

1000 g/cm? the error drops less than 1%.

u

Yy

Let us now consider the creep prop-
erties of a given snow. In order to
minimize the effect of density change,
total strain .3 i 2 kept very small.

Here a de’icate p.cce of work 37 allows

an analys.s of fundamental creep behavior.
A cylirder of rela’ively new snow of
density 0,19 v.as suhiected at -9C to a
uniaxial surcharge rtisss of 10* dynis/cm?
(10 g/cm?) for 7 minutes, and then the
surcharge wus removed.

Figure 41 shows the result after
subtracting the effect of the weight of the ° 00 1000 1800 2000
snow cylinder by ~ satisfactory method. o,

When applied stresses are so small

that the proper weight of the snow sample Figure 40. Graph of stress effect functinns.
cannot be neglected, it can be assumed y=e
that there exists a vertical force equal
to t of the proper weight.3% The be-
havior is interpretable by a rheological
mode! consisting of single Maxwell and
Voigt units in series, as shown in
Figure 42.

1) Instantaneous elastic strain (O to A in Fig. 41) corresponds to compression
of the Maxwell spring.

Y = g sinh f-.- for 74 = 700
y = & exp f: for 71, = 700

2) Decreasing strain rate (A to B) “transient creep” corresponds to the sum
of constant viccous flow in the Maxwell dashpot and decreasing viscous flow in the Voigt
dashpot as the Voigt spring is compressed.

3) Constaat strain rate (B to C) "steady state creep” corresponds to viscous
flow in the Maxwell dashpot alone, after the Volgt spring has picked up practically the
full load. '

- i«
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Figure 41. Strain, parallel to uniaxially applied Figure 42. Rheological model for

constant stress, versus time Stress removed behavior shown in Fig. 41. Max-

att = 7 min, Snow density y = 0.19, tempera- well and Voigt rheological units in i i
ture -9C. (From Yosida et al., ref. 37) series. (From Yosidaetal,, ref, 37) ;

4) Instantaneous comglete recovery (C to D) of original elastic strain (OA) l
upon stress release corresponds to stretching of Maxwell spring. N

5) Slow recovery (D to D'} of the strain component (AA'’ "elasto-viscous
aftereffect’’ corresponds to relaxation of the Voigt unit.

In terms of the snow structure, it can be visualized that the Maxwell unit represents } .-
the behavior of the aggregate as an ideal highly viscous Newtoniz fluid, while the Voigt N
unit represents the complications arising from interference ar 1roups of neighboring e
grains, where local stresses and straius are constantly chang. the grains move with

respect to one anotler,

The siame mrdel has been applied also to the behavior of granular ice at low stresc !®
It must be pointed nut, howevar, that rheologists have developed much more sophisticated
theories of visco-elastic behavior,

The Maxwell rheological unit corresponds to the following relation between stress ¢,
strain ¢, time t, elastic modulus Ej, and viscosity n,.*

o= 45'!:-. (8)

The first term is OA in Figure 41 and the second the vertical distance from Af to C.

Here for conatant stress there is a constant strain rate ¢ = 8¢/ 8 given by the slope
of BC. This is Newtcnian flow.

¢ = ‘;"; )

The transient creep term is introduced by the Voigt unit

t
g = & (l - ') 0
s = E’ [ ] (l )
where v = n,/E; is the ""retardation time, "

The value of the exponential term decreases rapidly, so that AA' — ¢/E;.

WNOte that this coelficlent 18 TWIZS Hat of dynamic viscosity relating to shear, since
Poisson's ratio is close to sero here.

st 4y A S S S L B Ml e 47 0 s . . e . . . ,
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The Voigt creep rate is
t
é;= L T
I W b
The total creep is:
L
¢ =¢‘§cl=%0%#—sf-(l°o ')
and the creep rate
-t
L 4

= L, L .
< ‘lft."h "‘.

51

(10a)-

Q1)

(12)

The second term of eq 12 reflects the transient creep rate, which rapidly decreases

with time.

At time t4, when the load is removed, the stress on the Voigt spring is oo.

T
Qe (1'0 ’)-

(122)

The strain recovery by elasto-viscous aftereffect (DD' in Fig. 41) takes place at the

decreasing rate - ¢,.

. b=ty
""‘ﬁ:. T

and the tctal recovery at time t> ¢y is

~c,=g- (l-o.%h).

(13)

(14)

1f, at time ty, the plate exerting the constant stress ¢ had been locked in relation to
the base of the vertical snow cylinder, the stress acting on the plate would have begun
to decrease by relaxation. The rate of stress decrease should be

. .'r
" &R at constant strain ¢,.

We use ¢q 11 and obtain, at time t, + At
. At
s Ql— 0-'-:;. T )
kL

(1%)
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The stress itself is:
[ 1
e * YN (16)
T

1, at, 1 ( .
E, + Nt ¥ E 1-e )
The validity of the rheological model has not been 2ssted by experimental verification

of eq 15 and 16,
In the example shown in Figure 41, the parameters are as [oilows:

Ey = 0.96x 107 dyne/cm?
E; = 1.92x 10" dyne/cm?
m = 2.45x 10 dyne-sec/cm? poluog
n; = 9.80x 10* dyne-sec/cm? (poises
v = 5] sec.
For fine-grained ice at -10C we find values of the following orders of magnitude: 1*
E, & 10 n & 10% poises
E, & 10b n; o 103 poises

vy & 104 gec.

This shows the tremendous change in parameter values to be expected as snow density,
structure, and texture change with time and deformation, Here is one of the greatest
obstacles to the development of a general theory of creep mechanics of snow, Another,
which has already been touched upon, is the paralyzing effect of vary ag freedom of
grain movement within the snow structure on formulation of creep behavior under com-
bined stresses.

Classical theory of creep deformation of solida formulates ¢t celations between
stress condition and pure shear strain, incompressibility being pt for Poisson
effects) an ¢os -1.in1 >remise. Hence an incompressible body o vt deform under
hydrostatic stress cundition because shear stresses vanish when tune principal stresses
become equ.l, Bot xnow does deform under hydrostatic stress, reacting by a permanent
change of volume, decasifying apparently according to exactly the same laws applying to
creep by shear.i*

The modification of classical theory to account for hydrostatic *‘decaification creep”
has uot been seriously attempted, It is not known, for instance, whether the concept
of hydrostatic component (} Zo; ) remains at all meaningful,

The modified theory will also have to account for a phenomenon which emerged
early in snow mechanics:2 the fact that rate of slongation under uniarxial tension is much
smaller than the rate of shortening under equal compression (Fig. 43).

The significance of this difference in creep rate is accentuated by the small reduc~
tion of density during elongation (for instance 3, 5% for an elongation of 16. 6% % against
large densification during compression. It is clear that eq 2, a very strong function, is
not valid when the dominating rrincipal st;ess is tensile and strains are large, which
could introduce an insurmountable difficulty into general theory. But eq 2 does apply for
small strains, in snows of different densities, in tensile creep. It may also be possible
to reconcile the difference between teansile and compressiva creep rates by introducing
a "shrinkage stress’ & o2 as shown in Figure 44. ¢ is a tensile stress required (v
prevent a virtual densi{ication, which is conceived to be taking place during subjection
of snow to compressive or tensile stress, but not during a condition of no applied stress,
If ¢ is a uniaxial stress, then the creep rate in compression under ¢-wg is approxi-
mately equal to that in tension under ¢ + ¢3. ’

Figure 45 illustrates another frustrating aspect of creep mechanica. It is a new
plotting of old data 3% on creep under uniaxial stress. Two samples, oune of compacted
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new snow, the other of compacted old snow, were

subjected to increasing, high compression in

steps. It is noteworthy that at very high creep
rates (¢ & 10 % to 10-3 goc 1)

a) the exponent multiplier b of aq 2
decreases with {ncreasing stress

b) The hyperbclic sin: law (eq 7) may
not be valid, If it is valid, then gy will be much
larger than the 10 psi previously quoted.

The range of creep rate within which rela-
tions 2 and 7 are valid is not known, but most
probably includes the maximum deformation
rates tolerable in snow engineering (foundations,
sxcavations in snow, and snow rocfs). That it
does include natural densification creep over
the whole range of snow densities in the very
deep snow cover of polar glaciers is shown in
Figure 46. The points are measured densities
at the indicated depths below the surface. The
curve was calculated ! on the basis of validity
of the hyperbolic sine law of stress dependence
(eq 7, ¢y = 663 g/cm?) and the exponential law
of density dependence (3q 2, b = 21.05). This

CLONBATION
" %

:8"“'. sonOndany

CONPRE SHION
"N %

' . ]
DURATION OF LOAD i DAvE
Figure 43, Comparison of creep
under uniaxial tension and com-
pression for different stresses.
{From Bader gt 3l., ref. 2)

& 4
-

theory fails at y > 0.84 g/cm?, ¢ > 5 kg/cm?: but then we no longer have permeable

suow, but rather porous ice.

The fact that for the deep pit ut Wilkes, Antarctica (661°S,112°E) the theoretical
curve fits well down to y > 0.9 g/cm? (Fig. 46) indicates that it is the hyperbolic sine

law which fails at ¢ > 5 kg/cm3,

At Wilkes ¢ = 4.3 kg/cm? for y = 0.9, ¢, i8 the same

as at Site 2, Greenland, but b = 15.77. The creep rate of 8 = ‘“ppears to be highly

sensitive to chanye of rate of stress application (second der
pect to timc). 3¢ nples taken from natural snow that had bet

3 of stress with res-
. .bjected to a slowly in-

creasing load iur decadas 3 thowed an increase in creep rate of the order of 10¢ when

ransion,x 1vout
’

Figure 44, Change in length of cylindrical snow samples versus

stress, at different elapsed times,

{From Bucher, ref. §).
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Figure 45. Strain rate versus density (g/cm?) of two sno~ -mples under
incremental increase of uniaxial stress. Creep strain ra. 1 very high.
reloaded se . aral hours after extraction from the snow mass. It is obvious thst relaxa-~

tion processes aro ruost important in creep mechanics; snow really never reaches a
! steady creep stat:, 1t is ever in a transient state of response.

4) Elasticity mechanics
Here we deal with high rates of stress application, where ithe elastic properties
- come to the fore. Validity of Hooke's law has been verified experimentally 3 for small
) stresses. Young's modulus (E,;) at -10C determined from static load tests, increases
, from 10" dyne/cm? at density 6 2 g/em? tu 1039 at density of ice, accordiang to an unknown
function. Young's modulus calculated from resonance vibration (approximately 200 cps)
of bars is much larger® Figure 47 covers the density range 0.27 to 0. 6 g/cm?, and
Figure 48 the whole range from 0.27 to maximum ice cdemsity. Two ranges for "ordinar s
fine-grained snows are recognized, an exponentlal one for low density, and a linear one
for high density. For Site 2, Greenland-snow test temperature -9C, weo have:

Ex6.3x 100 oxp14.6 ydyne/cm? for 0,27<y<0.5 (17)

and
E (16,4 y-7.20) x 10" dyne/cm? for 0, 5<y<0.9. (18)

The modulus is higher than normal for wind-packed snow {very fine grain) and
lower for coarse-grained snow, Thus for a given density, E decreases with increasing

grain sise,
Young's modulus is dependent on test vibration frequency,’ usually decreasing
by some 10% between 200 and 300 cps and then remaining fairly constant from 300 to
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Figure 47. Young's modulus of snow versus
density, obtainedfrom vibrating bars. Site 2
Greenland. (From Nakaya, ref. 29)

Figure 48, Young's modulus by vibra-
tion of snow and ice versus density, for
an extended range of ‘ensities.. Site 2
and Tuto, Greenland. (From Nakaya,
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600 cps. The smaller value at zero cycles may indicate the existence of a maximum
somewhere between 0 and 200 cps.

Seismic depth-sounding at Site 2, Greenland,? gave information on elastic moduli
as a function of depth, which can be cunverted to one of denwily by means of the depth-
dens:ty relation (Fig. 46). Values of Young's modulus E and Poisson's ratio v are
shovn in Figure 49. The deviation of v from the line is hardiy real, and we write:

v=02240 122y 0.4 <y<0.72 (19)
E = (18.5y-7.85)x 10' dyne/cm?® 0.4 <y<0.72 (20)

Thesc values of E are a little higher than those obtained from vibrating bars (eq 18).
Seismic records show no frequency dependence between 70 cps and 500 cps.

In large snow masses, sonic waves propagate according to the equations used in
seismic sounding:

v
compressional wave velocity v_ = [ £, L% (21)
Y vp y T+v)(T-2v)

shear wave velocity A , % Yy i‘_v . (22)

Substituting from eq 19 and 20, we can write expressions tor wave velocity as a
function of density, for Site 2 snow, 0,.45<y<0.72

ve=2.T4x 10 Y- l.+4 Ty em/s.c (23)

o Vet ’-ZT———Y-E:’g;:Y em/ser (24)

Relations between Equivalent Paramu.ers

For corvenience in transformation tetween interchangeably used parameters, the
following relarizns are given:

y = density, g/cm? 0<y¢ 0.917
V = specific volume, cm?/g w>V>1.090
n = porosity, dimensionless 1>n30
e = vold ratio, dimensionless o> ed,0
Y, = 0.917, density of ice
V‘ = 1,090, sp. vol, of ice
Y 1
Y=y (len)=gy sy
L. Y
Vs 78 T !V‘(O#l)
n "y‘-y . v-v,

Y, ~ e+l "7V

Wy o vV-y
e = —;—— a].—n- :-—v‘—
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Conversion Table

Several dimensional systems are used in text and figures. The following conversion
table is given to facilitate transformation.

1 pei = 7.03 kg/dm? = 7. 03 x 107 kg/cm? = 70.3 g/em? = 6,90x 10 dyncs/cm?
1 kg/dm? = 10™2 kg/cm? = 10 g/cm? = 9. 81 x 10% dynes/ciné = 5. 142 psi

1 kg/em® = 102 kg/dm? = 10% g/cm? = 9. 81 x 10% dynes/cm? = 14.2 psi

1 g/ecm? = 0,1 kg/dm? = 10°% kg/cm? = 9. 81x 103 dynes/cm? = 1.42x 107 psi

1 dyne/cm? = 1.02x 1072 g/cm? = 1.02x 107 kg/dm? = 1. 02x 10”* kg/cm?
2 1.45x10°% psi

1 kg/m? = 107 g/cm?

1 g/cm? = 10% kg/m?

1 kg sec/m? 2 98,1 dynes sec/cm? (poises)

1 dyne sec/cm? = 1,02x 107 kg sec/m?

] degree Fahrenheit = 5/9 of 1 degres Celsius (formerly Centigrade)

Degrees F 2 32 + 9/5xdegrees C

Degrees C = 5/9 (degrees F ~ 32)

Degrees Kelvin = 273.2 + degrees C
1 g/lem? = 2,048 Lo/{2?
1 g/lem? : 62. 43 Ih/f),

H. THERMAL PROPERTIES

The specific heat of the gas in the pores of snow is of thy order of a thousandth of
that of the ;ce contert; hence the specific heat of snow is almost equal to that ~¢ ice
(0.5 cal/g-c).

Latent heats of melting and sublimation of snow and ice (& 80 cal/g and & 700 cal/g-
respectively) are also almost equal. The values for ice are discussed in another section.

1t is possible that high precision measirement on snow, especially in the vicinity of
the melting point, would show small deviaticns from the hoat values of ice, due to the

effects of small grain size and large interphase surface. The effact of interstitial gas
would then also be feit.

und. One
per 1C).
The thermal conductivity of snow is not well known; measurement is difficult, and
the value is not only a function of density, but depends also on structure, texture, and
interstitial ainflow, Thermal conductivity of wet snow must be sero, because it is iso-

No measurements of thermal coefficients of expanaion of snow have been t‘i
would expect themto be somewhat amaller than those of ice [linear, & 50x 10

tharmal. Heat can penetrate wet snow by only two means, short wave radiation and
percolation of melt water (releass of latent heat upon refreesing). Thus a wet snow
la,er is an efficient cne-way valve for heat which can get in {(down), but not out (up).
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In contrast, hea: flow down through a dry snow layer under a temperature gradient p
is smaller than heat flow up under an equal, but inverse gradient. Let us list the
mechanisms of heat transfer in dry snow. :

A. Conduction through the ice network.
B. Conduction through the interstitial air,

C. Radiant energy transfer between grains aloug .emperature
gradient,

D. Via mass transfer in the vapor phase by diffusion along
water vapor pressure gradient.

E. Via mass transfer of air and vapor in convective flow.

The magnitude of the coinponents A and C does not depsnd on whether heat flows
up or down.

When the upper surface of the snow layer is warmer than the lower one, the inter-
stitial air is stable (E = 0) and components B and D contribute to downward heat flow.
But when the top is colder than the bottom, the interstitial air mass is unstable and
convective flow can set in. Component E can become much larger than B=D.

Reference 24 is a good discussion of the problem of heat transfer with a list of B
references. The following inivrmation is extracted: y

a)  of the component (A + B + D), B accounts for about } at
Yy 0.33 g/cm?

b) Component D is almost independent of density, and can comprise .
as much as } of the heat transfer in a snow cove ‘

¢) Component D cannot be smaller than B,
d) Component C is probably not significant; the temperature is too
low for high radiation flux. -
A wur. Lot ¢ © different empirical equations relating the sonductivity to density o,
alone have bean proposed. Four are listed {n reference 36, 10gether with individual B
fiald a1.d laboratory measurements; a fifth comes from refereace 23. The empirical =
equations for k represented in Figure 50, are:
Abels (1894) k - 0. 0068y? cal/cm-sec-C 0.14<y<0. 34
Jansson (1901) k = 0, 00005 + 0. 0019y + 0. 006y* 0.08<y< 0.5
Van Dusen (1929) k = 0. 00005 + 0. 0010y + 0, 0052y? ?
Devaux (1933) k = 0. 00007 + 0. 007y? 0.1<y<0. 6 §
Kondrat'eva (1945) k = 0. 0085 y?(artificially compacted 0,35<y
snow

The desirability of new determinations of thermal conductivity of snow under well o
defined conditions is evident. The relative influence of the factors listed above should
be further investigated. Grain size suay influence conduction through the ice network

. (factor A) sufficiently to have to be taken into the conductivity equation, ‘

The reflection, absorption and scattering of radiant energy Ly snow will be discussed
elsewhere. Here it is only mentioned that snow has an albedo intio of reflected to inci- 2

dent intensity of visible radiation) raage of above 0.9 for clean new snow to about 0. 5 for %
clean melting old snow. Dry snow without crusts is an almost perfect diffuser in the
visible range (ref. 14) and both dry and wet snow are essentially black bodies in the
infrared. Dry snow is relatively highly transparent to radiation of some radar and radio
frequencies.
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J. ELECTRICAL PROPERTIES OF SNOW
by
Daisuke Kurciwa

Introduction

Sr.ow can be considered to be a "mixed dielectric' composed of air and ice.
(Wet snow is a three-component system of air, ice, and water.) As mentioned in
previous Chapters A and B, the snow cover on thc ground changes ite internal structure
with time. It is to be expected that the dielectric properties of snow will become very
complicated beczuse of the continuing metamorphism, Since the main part of the dielec-
tric material of the snow is ice, a brief description of recent studies of the dielectric
properties of ice are given first, Then, the dielectric properties of the deposited snow
are described from the viewpoint of the "mixed dielectric,'' bearing a close relation to
its internal structure; and finally the dielectric behavior of snow in the high frequency
range is treated as one of the problems of radio and microwave engineering in snowy

regions,
Dispersion of the dielectric coastant of ice

A great number of measurements have been conducted by various authors such as
Wintsch (1932), Smyth and Hitchcock (1332), Murphy (1934), Kuroiwa (1951), Auty and
Cole (1952), Hunibel, Jora, and Scherrer (1953) and Granicher (1957) since J. Frrera
made his first experiment on the frequency dependence of the dielectric constant of ice
in 1924, The anomalous dispersion of th. dielectric constant of ice in the audio region
is expressed by the well knowh Debye formula for polar dielectrics.

. &
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a0 L
=
| 2 TV o

witere ¢% 1 e rmTomex s ™o constant of ice, ¢! aad ¢'! are real and imaginary
pares of ¢*. veesezvely. £, o+ alled the "static dielectric constant'' ~- "direct
current dielectr:z comstant’” am: i is the "high-frequency dielectric constant” or
“omtical dielectric comstant. ~ -~ .= the relaxation time, w the angular frequency, These
&re important constants fundamwrin. to dielectrics.

The characterism=r constants .,, t~ and T can be determined approximately in the
following way. If we alimimate <~ trom eq {(1):
€~ t_ ¢ 2o~ 2
(c' - -T': ) + oo —-T—-:) (2)

This is an equatior i a circte-empressed by ¢ and ¢"'. Consequently, if measured
values of ¢' and r - .:re nintteu:or eac.: {requency in rectangular coordinates, their
loci will form a msemic:zwle of zuammeter (g = 84) with its center on the ¢'-axis at the
locatton of 1/2 © ... - 6sr Thir 15 the so-called "Cole-Cole" rircle. The typical Cole-
Cole circles of varous =inds a: :cr sotained by Auty and Cole (1952) are shown in
Figure J-.  The number shown u eazh oeint on the circles shows the frequency in ke,
frequency increasms from right — iex 'm the circles. The two intersections of indi-
vidual semcircies with the ' -ax2n mves £y and te respectively. Curvy (a) represents
¢* of ice which has cracks perpwmu: :lar to the direction of the applied electric field;
curve (b) that of ice which is cormueie:v sure, with no cracks and bubbles;

curves (c} and (d) that of ice whicn s sisghtly contaminated with impurity, but
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has neither cracks nor air bubbles.
Designating (b) as giving the standard
value of ¢® of pure ice, and estimating
t and g, one cbtains ¢y = $5 and
e = 3.2. In case (a), where cracks exist
in the interior of the specimen, ¢4 = 60
and tg = 3.2. In cases (c) end (d), con-
taminated ice. ¢, = 110, and ¢ = 3.2,
A» sdown in Figure J-1, chemical impurity
increased ¢4 to a value greater than that
of pure ice. On the contrary, cracks and
air bubbles diminished ¢4 to a value
smaller than that of pure ice. (The influ-
ence of chemical impurities on the dielec-
° % 40 ®© ®© W0 R tric constant of ice is remarkable. Smyth
Figure J-1. Complex dielectric constants i‘:: ::::‘ezc:;kns:::a ;3";:,:’:; elx: ::t'u-
of various kinds of ice (Auty andCole, 1952).  jiur" hioride was added to the water in
80 small an amount a3 15 mg to a liter of
water., Humbel ot al. (1953) also found that the dislectric constant of contamiaated ice
could reach the value of about 1000 at low frequency range while that of pure ice lay near
90.) Howaver, no influences of the contamination or cracke are observed in high-{re-
quency dielectric constants obtained from extrapolation of the Cole-Cole circle. (This
fact does not mean that the high frequency dielectric constaat is not influenced at all by
cracks or contamination, because che Cole-Cole circle is only an approximate method for
obtaining ¢, ).

The determination of 7 is as follows: as seen from eq (1), ¢ tanes & maximum
value for the frequency Wy, Which satisfies wr = 1. If the frequency which gives a
maximum ¢'" on the frequency dependence curve is designated by wn,a«, One obtaine
7 = lynax. The anomalous dispersion of the dielectric constant - © ice in the audio-

frequency range was explained by Granicher ot al. (1957), ass + that the dipole
arientation »f watar molecules in the ice crystal can be achisve uagh lattice imper-

fections, The re¢lax: cion time 7 is the time required for the dipi.s orientation in an ice
crystal, and is expressed by

7 n A exg (E/KT) (3)
whaere A is the frequer.:y factor due to !attice vibration 5,3 x 1018 ~ec, E tue activation

energy required for the orientation of dipole (=13.2 Kcal/mol) k the Boltzmana constant,
and T the absolute temperature, *K.

Since the ice crystal belongs to the hexagonal system, an anisotropy of th. dislectric
constant in the directions of the crystal axee is to be expected, According to the experi-
mental swdy of Humbel et al, (1953), the dielectric conatant of a single crystal of ice in the
direction parallel to c-axis was about 10% higher than that in the direction perpendicular
to the ¢ -axis, but the anisotropy was lost with decreasing temperature, (At a tempera-
ture below -90C, it became isotrupic.)

As shown in Figure J-1, ¢, the high-frequency or the optical dielectric conataat,
is 3.2. This value does not agree with the square of the optical index of refractioa of
fce (1,312 3 1,72), Recently the measurement of ¢e of ice was extended to 1.25~3.2 cm
wavelength by Lamb and Turney (1949) and Cumming (1952); however its value still
remains at 3,18,

Dislectric properties of snow in the audiofrequency range,

Cole-Cole circle of ¢® of snow. In order to measure the dielectric constant of
saow, a block cut from naturally compacted snow was placed tightly in & condensar box
a8 a dielectric between elactrodes. The measured values of ¢ for various kinds of
snow are given in Figure J-2. Curve I, Figure J-2a shows how rapidly the dislectric
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Figure J-2. Complex dielectric constants of various kinds of snow.

constant of wet snow increases with diminishing frequency, which must be ascribed
chiefly to the increase of ionic conductivity due to the presence of liquid water. ¢, an‘i
tew of wet snow (ohtained from extrapolation of the Cole-Cole plot) are 33 and 4 respe -
tively. After finishing the first measurement, the same specimen was placed in a cold
room and the second measurement was carried out at a temperature of -9. 0C (Fig. J-2a,
curve 1I). Here we got ¢4 = 26 and ¢te = 1.8. The difference in g4 between wet snow
and dry snow must also arise frocm the presence of liquid water in wet snow. Iu fact, the
dielectric constant of water remains about 80 up to microwave range, whereas in the case
of ice the dispersion occurs in the audiofrequency range. Figure J-2b shows £% of "pure
snow," a vury loose assemblage of hoar frost crystals which was carefully prepared in a
cold room, without any contamination being introduced. As is expected, ¢* of pure snow
forms a complete semicircle, Figure J-2c and J-2d represent the ¢®-curves of granular
and compact snow, respectively,immediately after the snow was packed into the condenser
(curve I) and about half a day later (curve Il;. Although the temperature of snow and .
macroscopic density were constant in both cases, the dislectric constant increased with
the slupsed time. &,, cbtained from extrapolation of the Cole-Cole clrcls, increased
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from 13 to 17 in granular snow, and from 13.5 to 17 in compact snow. However, no
change of ¢., was obserted ln vither case. The time dependence of the dielectric con-
stant of scow is explained by the fact that the ice particles in snow become more and
more coherent as time elapses, being connected by ice bonds formed mainly through
sintering processes. Adhesion between snow particles and electrodes also will inor?ale
with time, with a resultant increase in static dielectric constant of snow. [The detailed

explanation will be given later.)

Wiener's theory for the mixture of dielectrics. Tne szow, considered to be a
wmixture of dielecirics, ! consists of two media — ice and air. In general, the mean
electric field E of the mixture is given by the following relationships

A
E = pE; + (l ‘p,Ep } (‘)
¢E = ¢;pE; + ¢,(1 - p)E,;
where E; and E; are the mean electric fields of the media 1 and 2, respectively, ¢ is

the resultant dielectric constant of the mixture, ¢; and ¢, are the dielectric constants of
each component medium, and p is the proportion of the volume occupied by medium 1 to

the total volume.
Putting E¢/E; = U = ¢; + u /gy + u, we obtain

€ '3,204 g (1 -p)

’ pU + (1 -p) (5)
or e-1 _ ple-1) + {1 -pXe,-1) .
t+u g +u ¢ tu

This is Wiener's equation for the mixturs of dielectrics. The resultant dielectric con-
stant of the mixture is not only a function of p, but also depends on the parameterza U or
u: The magnitude uf u, the so-called "form number" (Formshr* German), is closely
related to the structure of the dielectric mixture, If medium . spersed in medium 2
with & smail - s, concentration p, u is determined only by t. . .ape of dispersoid 1,
To determine how u varies with an arbitrarily varying shape of the dispersoid is a diffi-
cult proble:n, bul we can grasp the idea of the physical meaning ot u from the fnllowing
consideratinns: Assume that the shape of the dispersoid particle is cylindrical, Then,
if the cylinders were arranged between the two electrodes of a condenaer with their axes
parallel to the directivn of the applied fleld, u would be infinitely large, since, in this
case, the resultant dielectric constant ¢ of the mixture comes out to be

tspey+(l-pley (u= o (6)
which, as is to be expected, gives ths average.value of the two dielectric constants, and
expresses the maximum value attainable for the resultant dielectric constant of the mix-
ture with given concentration. If the shape of the dispersoid particle is spherical, u = .,
If the dispersoid consists of thin plates with their placas perpendicular to the direction aof
the applied field, u = 0, and

R T (u=0) (7

which is ihe minimum possible value of ¢.

If we assume an equivalent circuit for these snow condensers, eq 6 and 7 mean a
parallel connection and a series connection of the ice condensers and the air condensers,
respectively.

According to these considerations, increase of form number u implies the increase
of lengthwise arrangement of the dispersoid in the direction of the applied field.
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Static and high frequency dielectric constants of the natural snow as a function
of p.1n Figure J3, ¢ty and g, of various kinds of snow are plotted against p, the ratio
of the density of snow to that of ice: p gives the proportion gccupied by ice particles
in a unit volume of snow. All the daty were obtained irnmediately after the snow was
placed in the condenser. It is seen that the values of both ¢, and ¢, show a general
tendency to increase with increasing p, being scattered within a narrow band, as indi-
cated in the figure. Cu:vesz {a), (b), %c), (d) and (e} reprerant the relationship between
g and p calculated from eq 5, using values of u = 0, 2, 10, 25, and », respectively,
(In this calculation, ¢y = 80 for ice, and ¢; = 1. 0007 for air were used.) The observed
values of ¢, of natural snow were dispersed between (c) and (d), implying that their
form number ranged from 10 to 25. The observed values for ¢, were scattered close
to curve (b') calculated by using u = w, ¢y = 3.2 for ice, and ¢; = 1. 0007 for air. The
form number for ¢, came in the range 2.5 to 10. Curve (a') illusirates the m‘.nurufn
value of ¢, calculated as u = 0. The black circles indicated in Figure J-3 represent the
Cumming's results (1952) for the wavelength of 3.2 cm, A good agreement is found
between ¢, obtained from extrapolation of the Cole-Cole circle and that measured
directly by microwave techniques. Three arrangements of the dispersoid for thg cases
of u=wm 2 and 0 are shown schematically in the lower right corner of Figure J-2.

Variations of ¢* and electrical conductivity of snow due to ice bonding. The ice
particles in deposited snow pecome more and more coherent as time elapses, Leing
connected by ice bonds; this has a great .nfluence upon the dielectric properties of snow.
Curves (c) and (d) in Figure J-2 show this effect but the fullowing experiment demon-
strates this phenomenon more clearly.

A block of compact snow was pulverized to powder to break up the ice bonds, and
then was packed to an average deasity of 0.45 g/cm? in the conde. ser. The temperature
was kept constant at -3, 0C. The observed variations of ¢' and ¢" with frequency are
illustrated in Figure J-4a, the lapse of time after the first measurement being taken as
the parameter. Figure J-4b gives the corresponding Cole-Co!> diagram for ¢=. ¢,
obtained through extrapolation is found to increase from 1% * 34 as time elapses,
while ¢, r~mains constant The form number u, as indics this figure, alsc
increases \.ith i ne from ¢ = 20.9 to 263, which implies tha . ice bonds were pro-
gressivi'y formed betweea ico particles and likewise between the electrode and ice
particl 3. ‘fhe 'nutual cohesion of ice :rystals is at first unly insignificant, but as
time gues on icc bonds begin to grow, so that the crystals arc eventaally linked together.
Figure J-5 shows ti e variation of appacsent electrical conductivity Ky-c of the same
specimen as a function of time. K, . of snow increased with time, fhough the elec-
trical conductivity of ice itself does not change with time. Such an aging effect on Ka-o
of snow must be explainad by shortening of electrical paths due to the ice bonding.
Schematic diagrams of ice bonding taking place in the snow condenser a.. shown in
Figure J-51ce bonding under tha constant temperature is achieved mainly through
sintering processes described by Kingery (1960) and K:1uviwa (1961).

Dielectric aftereffect and direct-current conductivity of snow, It is easily under-~
standable that many difficulties in measuring d-c¢ conductivity wiil arise from the
complexity of its internal structure, In addition, natural snow contains chemical
impurities; for instance, the following chlorine ion content can be observed in 1 liter
of melted srow: several hundred milligrams near the sea coast, several tens of
milligrams in an urban district and a few milligrams well inland. The chemical
impurities greatly influence the d-c conductivity of snow, When a d-c voitage is abruptly
applied to a condenser filled with a dielectric, the total current 1 passing through the
coadenser, in general, can be written in the following form:

Telg sl 41, ()

where 1, is an instantaneous current, I; a time-dependent current. and 14 a time
independent current or d-c conduction current. At the moment of application of the d-¢
potential, I, flows as a result of instantaneous displacement of interatomic electric
charges, then It follows immediately, indicating an exponential decrease with lapse of
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time. (The time reguired for It to drop
to 1/e of its initial value is the relaxation
time v = 1 Aomax, where wmax is an
angular frequency which gives the maxi-
mum value of dieleviric 1o8s.) After a
certain period, It approaches a time-
independent current I4 given by a true

0t sse.

1530,

™ G2, SONNNG L OIATELY reeistivity or d-c resistance of the
AFTER PACKING dielectrics. These phenomena are
w'} called dielectric aftereffect. If the

material is pure and has a single velax-
ation mechanism, 14 or d-c conductivity
can easily be measured. On the con-
trary, if the material is impure ‘and has
a complex relaxation mechanism like a
snow, discrimination between I; and 14
becomes very difficult becauss of ionic
conduction due to chemical impurities.

A snow block cut out from the bottom
: layer of snow cover deposited in un urban
district was used as a specimen. Its density was 0.4 g/em). The initial currents ere -
shown in Figure J-6, Figure J-6a illustrates the time dependency of ] 4s a function
of the applied voltages at constant temparature -12C, Since it was impossible to deter-
mine 1, and It accurately for times shorter than 2 x 1072 sec, part of the curve is shown
by dotted lines. The observation of It was continued for 8 min after application of the
voltage but the decrease of I; still continued. The inserted graphs. d, show the decresse
of It at 5 1073 sec, 5°107% sec, 5 107! sec, 5 sec and 5 min sgainst the applied voltages.
Figure J-6b represents the records of It vs time for different temperatures at constant
applied voltage 290 v. As will be seen in curves a, b, ¢, and 4, 1t decreases remarkably
with decreasing temperature, implying that d-c conductivity of “ow strongly depends on
the space charge polarization. In both experiments, therefo was very difficult to
determiuc tl . t:m. -independent current Id. Dut, if we defin. the curreat at 5 min
after the I -c voltuge application, the d-c resistivity of this snow comes out to be 4.28 x
10% ohm- (m ™) (at -12C). The behavior of the spacs charges in ntural ssow containing
some chemical im :urities is dumaonstraicd more concretely by tae following experiment.

As shown in Figare J-7, two probe electrodes T; and T, were inserted into the snow
condenser, T, was located at 1/5 the distance between the two electrodes of the condenser,
T, at the center position between them. A potential of 300 v was applied to the snow con-

nser, and the voltage change with time between probes and outer electrodes was

measured by an electrometer. Curves I;, I; represent the voltage change of the probes
T, and T;, respectively. The poiential T, increased with increasing time, but that of

f‘ was kept constant. According to Joffa (1928), the change of voltage of the probe T,

8 explained by the migration of the apace charges with time. Siksna (1957) measure

the d-c conductivity of snow using sandwich electrodes and observed a similar phenon enon.
A reasonable explanation has not yet been given for the mechanism of the space charge
migration in snow; however, the following mechanism may be proj :sed for the electrical
conductivity of snow. As was pointed out by Murphy and Lowry (1930), electrical con-
duction in solid dielectrics composed of microscopic cellular structures is achieved
through a thin liquidlike film which can be considered to exist on the interfacial surfaces,

KE-SONCING AFTER
‘J . \ 3N

[ 0 [ w0o*
CYCLES PER SECONO

Figure J-5. Variation of apparent elec-
trical conducuvi:{, Kg.c+ of snow with
me.

. where many jons are absorbed as shown schematically in Figure J-8. After the application

of the electric field, these ions can move towards the applied field and cause polarizatioa.
Nakaya and Matsumoto (1953) suggested the existence of liquid water film on the ice
surface even at temperatures below 0C. In the case of snow, the liquid film can be
considered to be a liquid solution film containing some chemical impurities. Its thickness
wiil increase with ircreasing temperature. At highor temperature, the lncrease of freely
movable ions results in the increase of the electrical conduction of sndw. Ia fact, snow
particles are connected by ice bonds. The space charges can be transferred through long

w i BN e




-

[

EANR

T S

WP Gy, T RN I W

(8) et 200V

SNOW AS A MATERIAL

-8°C

-12°¢

/

I -27°¢

3

8xi0"t

Yy

TIME (8EC)

A) & -12°C

400 V

00 200 300

408 v
00

e

| 3V
3

TIME { 8EC)

8210"¢

2

!
g

(vi) AN3NNND V104 1

SO,

- AR PR

* s e

1

Figure J-6. Time dependence of direct current flowing through a #now concenser.

B mw,:m.g_%a

|




LA

v R S > W Sewwe A =

!
'

72

SNOW AS A MATERIAL

POTENTIAL CHANIE OF T, (W
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Figure J-7. Change of potential of probe
electrodus inserted into snow condenser,
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Figure J-8. Temperature dependence of the thickness
of solution film in equilibrium with ice sphere.
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Figure J-9. Relation between At and free

water content in snow. Ac¢ = dielectric con- Figure J-10. Au interference mathod for

stant (wet snow) — dielectric constant (dry determining the dielectric constant of snow
snow). (Asami and Kurobe, 1949).

electrical paths formed by ice bonds. In Figure J-8, curves (a) and (b) represent the
temperature dependence of the thickness of the solution film existing on the ice sphere
surfaces. Approximate calculations were performed by assuming tnat: 1) 30 mg of
NaCl are contained in one kilogram of snow, 2) snow is made of pure ice spheres
having diameters of 0.5 mm and | mm, respectively, 3) each particle is covered with
a concentrated NaCl solution in equilibrium with ice at a given : aperature. The
thickness of the solution film increases with increasing temp: »: this fact may
explain the 1. - .e1-ture depeadence of the electrical conducti. . snow,

Dielectric proparties of snow in the high-fraquency range — in relation to radio and
i microwas.: communization prohlems in a *nowy district

Dislectric constint of wet snow. Since the dielectric constant of water is much
larger than that of ice at high irequency (from } ta 104 megacycles), namely about 89
for the forme: and 3.2 for the iatter, it is to be anticipatcd that ¢4 of wet snow must
lnacrease in prop.rtion to its frae water content. The presence of even a small amount
of liquid water will be of great inmportance for the dielectric behavior of snow, In
Figure J-9, the difference Ac between the high frequency dielectric constant of wet snow
and that of dry snow is plotted against frce water content. Wat anow having a density
of about 0.5 g cm? was used in testing. The observed curve (a) doas not pass through
the crigin of the coordinates, that is. At remains finite. even whon {ree water content s
) measured as zero. (This arose from the fact that the centrifugal separator was ir.capable
, : of separating free water completely. ) A true relationship between A¢ and water content
should be expressed by curve (b). The dielectric constant of dry snow having a density of
0.5 g cm?, for example, is found to be 2.4 (Fig. J-3). If this snow becomes wat until it
contains 20% water, its dielectric constant will become 2.4 + 1.8 = 4. 2. Figure J-10
) shows another experiment concerning the determination of the dielectric constant of wet
L, snow by the interference of an electromagnetic wave. An electromagnetic wave having
a 9 cm wavelength was emitted horizontally from a transmitter and projected by a me-
tallic reflector onto the surface of snow packed in a shallow box. Part of the incident
wave 18 refllected at the snow surface, and ancther part is refracted intn the snow and
then reflacted again at the base of the snow. Reflected and refracted waves combine to
make an interference image on the receiver placed opposite the transmitter. When water
was poured onto the snow surface, the signal received by the receiver changed as
2 function of the quantity of water. The dielectric constant of the snow increased wath
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SNOW AS A MATERIAL
The change of the dislectric constant of snow corresponds to
the apparent increase of the thickness of snow. Therefure, ii can be assumed that the
following relutions are satisfied betwecn wavelength A, thickness of snow d, and &:
dVe/\ = 3/4, dJe/\ =1, and dWg/\ = 14 at the points a, b, =nd ¢ on the curve. One can
easily calculate the dielectric conatant of wet snow from these relations.

¢ = 2.3 (at a, no water poured)

¢ 4.0 (atd, 1.5 litsrs of water pourede

¢ = 6.0 (2t ¢, 3.0 lit s of water pourrl)

Loss factor, tan 8, of snow at high frequency range and abtsorption of the electro-

maugnetic waves by snow. Tho loss factor, tan §, of snow is nceded in radio communi-
cations In a snowy district. In Figure J-11, values of tan 6 obtaine.l by various authors
for snow of 0,3 g/cm? are plotted in the frequency range between 10% cps and 10!° cps
(100 ke and 10 gc®). Unfortunately, observed data are lacking in the frequency range
betweon 10" and 8 x 10% cps (10 mc and 8 gc). There is no reason, hcwever, to suppoce
that the frequency dependence of tan § in thess ranges is not monotonic, so that the
value of tan § can be estimated from a dotted line if required. As is expected from
previous sections, tan 3§ of snow is greatly influenced by a free water content. Typical
data measured at 9.37 gc are given as a function of the free water content in Figurc J-11.
Black circles represent the values of tan 6 for ice obtained by various authors. No good

agreement of the observed data is seen at the frequency of 109 cps,

If the initial amplitude of the electromagnetic wave projected vertically onto the
snow surface it expressed by I, (at x = 0) and that reached at a certain depth from the

surface by I {at x = x), 1 is given by

increasing water content.

I =1 exp (-z-x'-"- a) (9)

where
azx 52.- (Jiounis-l );

A\, the waveluugtn; ', tha dielectric coastant of snow. Using

be calculai:d as jollows:

. the ratio I/I, can

Depth 1./1g (for 1 mc) L/1 {for 5 mc) at -4.0C
Im 0.999 0.985
2 m 0.985 0.970

Decrease of radiation power from hlgh-treguencz ant~nna due to Icing or snow
accretion. A corimon prog;cm in snowy districts is snow accretion or icine oa
antennas. As mentioned above, the abscrption of the electromagnatic wave in snow due
to dielectric loss can be considered te be negligibly small, so long as the snow does not
begin to melt. In order to study this problem, Asami and Kurobe (1949) made this
laboratory cxperiment: A dipole antenna was enclosed in a glass tube, and snow was
packed in it to create a situation analogous to natural snow accretion, A wavelenyth o
9 cm was used, When the air temperature was kept below 0C and the snow was main-
tained in a dry condition, no effect was chserved, but when the antenna was placed in a
warm room kept at +16C, a remarkable decrease of radiation took place with elapsed
time. In Figure J-12a, curve ! shows the decrease of receiver current with increasing
time. The snow begins melting at the contact surface with the inside wall of the slass
tube. Since water content of the snow should increase with time, it is quite natuial to
assuine that the decrease of radiation of an electromagnetic wave can be attributed to
the increase of free water content of snow, The same experiment was conducted using
an iced antenna. When the surface of ice which covered the dipole antenna began to
melt, tie radiation power greatly decreased as shown in Figure J-12, curve II. Figure J~-12b
iliustrates another expexriment for an electromagnetic wave of 100 cm wavelength,

In this case, only a slight decrease in radiation was observed at the melting poiat, though

wgligacycle
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Figure J-11. Tan 8 of snow at frequency range 10% - 14 cps.
All values not otherwise mmarked were obtained by the author.

.o surface of ice was covered with melted water, In above-r tioned experiments,
the decrease of receiver current takes place mainly as a rz. an impedance mis-
matching of "i.c v enna and dielectric loeses due to wet snow :etion or icing. When
a complet:s matching of impedance was applied for the antenna, no decrease of radiation
powar was obscrved, From this fact, the inference can be drawa that the decrease of
radiation of thr clectromagnelic waves mast be attributed more to the impedance mis~
matching of ani¢nna circuit than to the dielectric loss due to snow or ice.

Deflection of a beamn of electromagnetic waves emitted from an iced feedhorn,
Microwave radiation s transmitted ao a straight beam from a feedhora, It Is very
important for microwave communication in snowy districts to know how yuch deflection
of an emitted bezm occurs as a result of icing or snow accretion on the feedhorn, In
order to obtain some informatina about scattering of the beam under thesa conditions,
microwave radiaticn of 12 cm wavelength was transmitted from a feedhorn having the
dimensioss shown in Figure J~11 A datector was fixed at a distance of 60 em from the
fesdhorn, and the strength of the eljceric field smittad from the fecdhorn was moasu. ed.
The feedhorn could be rotated horizontally around a vertical axis to messurae the dis-
tribution of the field strength of a scattered beam as a function of the angle of rotation.
The typical distribution curves of a scattered beam ave illustrated in Figure J-13, Curve
(a) represents a normal distribution curve of the emitted beam frem a non-iced feedhorn.
When the horizontal axis of a feedhorn was directed toward the detuctor (in this case,
angle = 0°), the strength of the 2lectric field reached & maximum value; whon the feed-
horp was rotated around a vertical axis, the detector gave a sharp symmatrical distri-
bution curve from side to side. Curves (b) through /f) illustrate the chahge in the
distribution curve of the scattered beam emitted from the feedhorn whan the snow bleck
was attached in various ways to its inside surface. Curves (g} through (}) represent
the cases where the snow blocks of various shapes were attached to the outside of the
feedhora. All experiments were carried out with wet snvw., Dry snow kept below 0C
showed no influence on the transmission of a 12 cm wave, Figure J-9 suggests that wet
snow accretion of irregular shape on the feedhorn greatly disturbs the direction of the

emitted beam. Uniform snow accretion, e.g. (f) and (g), hawaver, does not Seflect the
beam significantly.
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